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Metal Ultrasonic Delay Lines 
Russell W. Mebs, John H. Darr, and John D. Grimsley 


\ study was made of the applicability of a number of metals and alloys for thermally 


stable ultrasonic delay lines 
\ preliminary 


investigation was made of different types of pressure holders and ad- 


hesives for use in crystal transducer attachments and of the influence of specimen length on 


attenuation for vatious metals and alloys 


The effect of cold-work, annealing, and specimen 


cross section on attenuation was also determined for a representative isoelastic alloy 


Measurements of 


temperature variation of signal attenuation 


distort ron, and delay 


time on a number of assembled delay lines indicated that an isoelastic alloy employing 
overcured epoxy-resin crystal attachments gave best over-all transmission characteristics 


No correlation was obtainable between 


with various cemented joints 


1. Introduction 


The ultrasonic delay line has come into wide use 
n recent years with the development of radar, com- 
yuters, and other electronic devices [1, 2, 3, 4].' It 
sa means for delaying a signal for a predetermined 
hort period to be accurately reproduced for use at 
nappropriate later instant. The delay line consists 
hf (a) a transducer for converting the electronic 
sional to a sound signal, and (b) a suitable medium 
f appropriate dimensions in contact with the trans- 
ucer that will transmit the sound signal to a second 
ransducer at the opposite end of the medium, or 
permit its reflection back to the original transducer; 
tis then converted to a usable electric signal. 

The most common materials now used for delay 
ines are quartz [1] and mercury [5, 6]. Water, 
bass, and magnesium alloys have also been used in 
pxperumental lines. Where acceleration or changes 
n temperature of the line may be involved, many 
f these materials are eliminated from use. 

The Metallurgy Division of the National Bureau 
f Standards was asked by the Ordnance Electronics 
Jivision to assist in the search for a more suitable 
material for delay lines by studies of metals that 
might be useful for the purpose. Two specific 
equirements were that it should satisfactorily 
ransmit 10-Me ultrasonic pulses at temperatures 
anging from —50° to +200° C, and possess a 
egligible temperature coefficient of sound velocity 
ver this temperature range. 


2. Elements of High-frequency Sound-Pulse 
Transmission in Delay Lines 


The factors to be considered in the selection of 
materials for delay lines are (a) the length of delay 
equired, (b) the carrier frequency, pulse length, 
nd pulse shape to be transmitted, (c) the allowable 
ariations in delay time with acceleration or change 
bf temperature to which the line may be submitted, 
d) the permitted maximum amounts of pulse 
ttenustion and distortion, and (e) the allowed 


' Figure rackets refer to the literature references at the end of this paper. 


strength 


and sound-transmission characteristics 


variations in pulse attenuation and distortion with 
acceleration or change of temperature. 

Only a general survey will be given of the basic 
theory of ultrasonic transmission as related to delay 
lines of 50 More comprehensive 
treatments have been given elsewhere [2, 4, and 5]. 


usec or less. 


2.1 Attenuation 


The signals being considered are 10-Mec waves of 
short pulse length. The attenuation or diminution 
of the signal in traveling through the delay line is 
determined by (a) the conversion in the transducers 
of the electric signal to a sound signal, and vice 
versa, (b) the efficiency of transfer of the sound 
signal between transducer and delay line, and (c) 
the loss in signal strength in passing through the 
line. Such attenuation is measured in decibels (db) 
which can be calculated according to formula 1 


db=20 logy <, (1) 
“ly 


where Ag and <A; are the output and input signal 
strengths, respectively. The factors involved in 
the loss in energy due to conversion between the 
electric and sound signals in the transducer will not 
be treated in this discussion. 

The efficiency of transmission of the sound wave 
from the crystal into the delay line, or vice versa, 
is determined by the intimacy of contact between 
the crystal and line and by the degree of matching 
of the acoustic impedances of the crystal and delay 
line materials. For purposes to be discussed later, 
the side of the crystal opposite the delay line may 
be held under pressure by an appropriate material; 
the acoustic impedance of such material will like- 
wise affect the transmission efficiency of the sound 
wave between crystal and delay line [2, 4]. 

The attenuation losses within a metal delay line 
have been attributed to the elastic hysteresis, the 
Rayleigh sound scattering, and the sound-diffusion 
process. The loss due to elastic hysteresis is attrib- 
uted to an absorption from the sound wave of the 
energy required for cyclic stressing of the material 
[7]. This loss is a significant part of the total loss 
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only at relatively low frequencies in the kiloeyele 
range, being generally proportional to the frequency, 
whereas the other losses increase much more rapidly. 

Sound seattering and diffusion occur only in the 
megacyele range; they are approximately propor- 
tional to the fourth power of the frequency when the 
grain size of the metal used is somewhat smaller 
than the sound wavelength and approximately 
proportional to the square of the frequency when the 
grain size is somewhat greater than the sound wave- 
length [8, 9}. Such seattering and diffusion are due 
to the differences of the elastic coefficients in adjacent 
grains of the metal in the direction of propagation 
of the sound wave. 

In addition to the principal signal transmitted 
through the line, there may be echoes caused by 
reflection of a portion of the signal from line ends 
and crystal surfaces. These are detected at a later 
time than the principal signal, and for the proper 
operation of the delay line in some applications, 
their amplitude should not exceed a small fraction of 
the principal signal 


2.2. Distortion 


The pulses transmitted through the delay line 
may not only be attenuated but may also become 
distorted 

A primary cause of pulse distortion is the super- 
position upon a weak pulse transmitted directly 
through the line of additional signals due to portions 
of the original signal that have been previously 
scattered and then reflected or refracted to the 
receiving crystal over a path longer than the direct 
pulse. Other causes may be attributed to poor 
contact between crystal and delay line, to improper 
cutting of the crystals, or to improperly prepared 
delay lines. 


2.3. Effect of Temperature on Delay Time, Attenua- 
tion, and Distortion 


The velocity of sound within a delay line, and 
hence the delay time, are determined by the specific 
physical properties of the material used. The veloci- 
ties for longitudinal and shear sound waves differ and 
are expressed as follows: 


E 4+-264 
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where / is Young’s modulus, \ is the bulk modulus of 
elasticity, @, the shear modulus, and p the density of 
the material. The longitudinal velocity therefore is 
greater than the shear velocity. 

In the present series of tests, AT and AC cut quartz 
crystals were used as transducers, and hence only 
shear waves were produced by the sending crystal. 
Furthermore, the directly transmitted portion of the 
signal was normal to the receiving crystal so that 


Viong 


there was no transformation to the com 
mode; such transformations are obtained « 
reflection at certain oblique angles. 

In the present investigation, emphasis w; s ply 
on determining which materials would give + hye Jos. 
change in delay time per unit length with chanop 
temperature between —50° and +200° ©. ~ 
delay time, Lp, of a delay line can be expresse, 


l 
Lp , 


U shear 


where / is the physical length of the lin 
eq (3) 


Lp y a 


Recognizing that /, p, and @ are all tempera 
dependent, and assuming isotropic expansion of 
polycrystalline material, it can be shown 


1@h,.1@ 1 OG 
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The temperature coefficient of expansion 
(01/07) for most metals is relatively small 
for the alloys of iron and nickel accounts for 
than 0.25 percent of the change in delay time oy 
250° C range. Thus a satisfactory thermally sta 
material of this type would be one with nearly ze: 
small negative temperature coefficient of the mod 
(1/@)(O0G/OT) over the required temperature rang 

Little study has previously been made of the ir 
ence of temperature change on pulse attenuat 
and distortion. For temperatures ranging up 
200° C, little or no change occurs in the microst 
ture of many metals. Conversely, cemented erys 
attachments may be quite susceptible to tempera: 
change. Therefore, one might expect temperat 
variation in transducer loss due to change in 
nature of the crystal contact with the delay line 
discussing the effect of temperature on attenuat 
and distortion, a differentiation will be made in ' 
paper between that obtained within the delay 
and that obtained at the crystal connections 


3. Test Materials, Specimens, Procedures, 
and Apparatus 


Materials 


3.1. 


The 14 metals and alloys investigated and t! 
compositions and conditions are listed in table 

The magnesium alloys were studied as met 
known to have good sonic properties and wer 
employed in the buffer lines to be described lav 
The high-purity and commercial nickel, [nvar 
percent-nickel iron and 18:8 chromium-nickel s! 
were tested to ascertain whether any relations! 
existed between the nickel content and degree 
signal attenuation and distortion obta.ied 
aluminum single crystal was prepared in the Bures 
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Chemica 


irgv Division. Of the isoelastic alloys, A was 
wrimental alloy [10]; B, C, and D were com- 
il alloys; and E was prepared and cold-rolled 
Metallurgy Division 


3.2. Specimens 


\lost tests were made on specimens approximately 
6 in. long. However, other specimens ranging in 
physical length from \ in. to over 6 in. were tested; 

permitted the measurement of the attenuation 
nit length of a number of materials. 

(t the beginning of the investigation the specimens 
sed were 0.35 in. in diameter over the central por- 
tion, and % in. in diameter over a %-in. length at 
wh end. Pressure holder compression fittings were 
ised with this type specimen for holding quartz 
rystals directly against the line during test or for 
mounting cemented crystals before test. Later tests 
ndieated that specimen cross section was of little 
consequence, providing it exceeded the transducer 

ea. Hence specimens of various sizes were sub- 

ently used, with a %-in. diameter the most 
mon size. 

\ special jig was used for specimen preparation 

nsisted of a steel cylinder with its two flat ends 
made effectively parallel by surface grinding. A 
square hole was carefully machined along its cylinder 
axis so as to be effe¢tively normal to the end surfaces 

ews held the specimen in place during surface 

ng and polishing (wet laps). The finished 
surfaces were flat and parallel within a few ten 
thousandths of an inch. 


3.3. Transducer Assembly 


One-quarter-inch square AC and AT cut crystals 
n. round AT cut crystals were used in this 
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investigation [11]. It was found necessary to check 
all crystals carefully as to uniformity of thickness 
a 0.0001-in. variation permissible) and to 
indicate the direction of the Y-axis. Crystals were 
obtained with both faces silver-plated. 

The compression fitting used for holding a quartz 
crystal against a line during a test consisted of a 
laminated plastic pressure holder containing a back- 
ing block and a socket-joint screw-tightening ar- 
rangement (fig. 1 The backing block was made of 
lead or steel, with the erystal facing surface being 
carefully polished. In some tests a 0.0005-in. tinfoil 
layer was placed between the crystal and specimen. 
All facing surfaces were refinished between tests. 
A similar set of compression fittings made of alumi- 
num were found to be unsatisfactory. They added 
excessive stray capacitance to the circuits. 

The following adhesives were used in cementing 
crystals to the delay lines 


was 


Designation ype of adhesive 


Elevated-temperature thermosetting 
epoxy cement 

Room- and elevated-temperature 
mosetting epoxy ceme nt 

Silver paste 

Silicone 

Bakelite 

Beeswax. 


ther 


All the adhesives except the beeswax were applied 
separately to line and crystal and allowed to dry at 
room temperature or in an oven before assembly 
All connections were allowed to set under pressure, 
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and additional curing was sometimes given the con- 
nection after the pressure was removed. Adhesive 
AA [12] was set at 170° C or higher before the re- 
moval of pressure. Adhesive BB showed a tendency 
to absorb moisture, which destroyed its sound- 
transmission qualities. Occasional baking out or 
storage of the assembly in a desiccator removed this 
trouble. 

Attaching crystals to lines for each test by pressure 
holders or by cementing was time-consuming. Also 
after several tests with pressure holders a crystal 
usually fractured, and cemented crystals could not 
be salvaged for reuse. Furthermore, transmission 
efficiency varies with different crystals, and succes- 
sive tests with compression fittings, using a single 
pair of crystals, was found to produce sufficient 
scatter of results to make difficult the measurement 
of attenuation per unit length on low-loss materials. 
Hence the buffer technique was developed and used 
in many tests made at room temperature. This is a 


le compression fillings 


( stal; 1), backing 


h ball i 
ead 


uffer line assembly. 


magnesium-alloy buffer with cement at 
1 connector with electrical leads 


modification of the method devised by MeSkimin 
The two buffers consisted of FS-1 magnesium 
1%in. long. The %-in. length at each end was ' 11 
in diameter, and the central portion was 0.35 in 
diameter. Quartz crystals were cemented to one et 
of each buffer. By means of the special clamp show! 
in figure 2, the unmounted ends of the two butlers 
were held under pressure against a specimen of a! 
desired length. It was necessary to lap the ends 
the buffers adjacent to the test line between tests 
and to regrind these ends whenever erratic te 
results indicated the need for this operation 


3.4. Electronic Apparatus 

1S Use 
isurilg 
4 pulse 


Figure 3 is a block diagram of the appara 
for generating square-wave pulses and for m 
input and output signals for the delay line. 
generator capable of producing pulse lengt 
10 usec and pulse repetition rates up to 
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the output of a signal generator adjusted 
ice a 10-Me constant-amplitude wave. The 
t pulsed Af (high-frequency) waves were then 
d and fed into the input crystal transducer. 
hf voltage generated in the output crystal 
cers was fed through the cathode follower 
cathode-ray oscilloscope where the amplified 
vas placed on its vertical plates. The effec- 
tput impedence of the delay line is better 
d by the input impedence of the cathode fol- 
han by that of the oscilloscope. This permits 
efficient transfer of output energy to the oscil- 


In some early tests, the cathode follower 


t used; a much higher effective signal attenua- 


the rebv was obtained (table 2) 


oscilloscope sweep applied to the horizontal! 


tes Is triggered through the delay generator by the 


a0 


' 
) 


rizontal 


the vertical plates. 


\ 


temperature that varied less than 5° C 
specimen length as 


tt 
at 


Some 
Ira 


tending beyond the ends of the furnace. 


venerator; the delay generator can be adjusted 

rd the sweep by as much as 1,000 ywsec. The 
er generator, which triggers the pulse generator, 
produces small vertical markers every micro- 
d and larger markers every 10 ysec along the 
axis of the oscilloscope screen. An 
ite circuit permits placing the input signal 
By accounting for the circuit 
fication and attenuation of the various stages, 
atio of output to input signal can be measured 
ie oscilloscope. A Polaroid-Land camera was 
for photographing these signal shapes. 


Measurements at Elevated and Low Tempera- 
tures 


nichrome-wound alundum-tube furnace was 
This employed automatic control, providing 
over the 
measured by thermocouples 
hed to the center and ends of the specimen. 
few tests were made with a shorter 5-in. 
in which 6-in. test lines had their transducers 
Thus 
perature variation of transmission character- 
{the test material, exclusive of the transducers, 
obtained. All tests were made on specimens 
nented quartz crystals. 
ler to obtain subzero temperatures, the test 
1 was placed inside and midway as to the 
f a thick-walled 114-in. copper tube; dry ice 
ed around this tube. 
ites of cooling after the application of dry 
heating upon sublimation of the ice were 


sufficiently slow to enable accurate measurements 
of the temperature variation of input and output 
signal strengths and of delay time. A_ negligible 
temperature gradient was obtained along the speci- 
men during these measurements 


4. Effect of Type of Transducer Assembly on 
the Transmission of Ultrasound in Mag- 
nesium Alloy FS~1 


Table 2 lists the attenuation values obtained with 
a 6-in.-long FS-1 magnesium-alloy specimen, using 
pressure holders or cemented transducers. A torque 
wrench was used with the pressure holders and the 
torque adjusted to obtain minimum attenuation; 
fairly reproducible results were obtained by this 
method. It is apparent that the use of the cathode 


follower greatly decreased the attenuation attained. 


I ABLE 2. Attenuation at room te mperature for various trans- 


ducer connections on 6-inch-long F S—-1 magnesium-alloy lines 
Attenuation 


First re 
flected 
signal 


Principal 
signal 


Steel backing plate 
Do 
Steel backing plat 
of tin foil 
Lead backing plate 
Lead backing plat 
of tin foil 
Adhesive AA 
Do 
Do 
Adhesive AA with 
ind 10-in.-lb torque on pressure 
Adhesive BB 
Beeswax FF 


with 0.0005-in 


with 0.0005-in 


lead backing plates 
holder 


* These lines were tested with output connected directly to oscilloscope, re 


maining lines were tested with output connected through cathode follower to 


oscilloscope. 


Examination of results indicates that lines ce- 
mented with adhesives AA or BB gave the lowest 
attenuation of the principal pulse. The use of 
beeswax FF as a crystal adhesive resulted in a 
fairly large attenuation. Although a fairly high 
attenuation was obtained with the lead-backed 
crystals when 0.0005-in. tinfoil was inserted between 
crystal and line, successive echoes on this line were 
greatly diminished in comparison with the lines 
without the foil. The echoes obtained with the line 
cemented with adhesive AA were somewhat larger 
than those obtained with any combination of holder 
and backing plates. Furthermore, when a crystal 
cemented with adhesive AA was placed in a pressure 
holder and held with lead backing plates, the 
attenuation of the principal pulse was increased only 
a few decibels, whereas the first echo attenuation 
increased by about 12 db. 

Of particular interest in these tests is the effect 
of transmission on wave shape. There are three 
general methods of evaluation of this effect, namely, 
(a) the visible change, as noted on the oscilloscope 
and which can be photographed; (b) the range of 
frequencies over which the amplitude of the principal 
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GOOD PULSE POOR PULSE 


oscillograms for sent and received 


Fiaure 4 Representative 


pulses lor good and poor pulse reproduction 


received pulse does not vary more than a fixed per- 
centage of its maximum value for a given length of 
pulse; and (c) the minimum pulse length at which 
the maximum signal strength can be secured. 
Photographs of satisfactory and unsatisfactory re- 
productions of transmitted pulses are shown in 
figure 4. 

Qualitatively, the use of lead backing plates on 
lines with tinfoil between crystal and line gave 
excellent reproduction. The same combination with- 
out tinfoil gave fairly reproduction. The 
quality of reproduction was successively poorer in 
the steel-backed lines, the adhesive AA cemented 
lines, the adhesive BB cemented lines, and the 
beeswax FF cemented lines. 

In addition to careful control of crystal quality, 
such factors as cementing technique or design of 
pressure holders and careful adjustment of pressure 
were studied in order to secure best sound trans- 
mission. 

The efficiency of transmission of ultrasound by a 
given transducer assembly is also dependent on the 
structure, density, and other physical properties 
of the delay-line material as well as on the test 
temperature. 


5. Effect of Composition and Specimen 
Length on the Transmission of Ultrasound 


good 


The buffer technique (fig. 2) was employed in 
this portion of the investigation. The pulse length 
employed was the minimum that would maintain 
maximum amplitude of the principal received pulse. 
This is hereafter referred to as the optimum pulse 
length. 

Figure 5 shows the relationship between attenua- 
tion and length for the various materials investi- 
gated. The slope of each curve is a measure of the 
attenuation per unit length of that material. The 
intersection of each curve with the ordinate axis 
represents the total attenuatiom in the two buffers 
and in the interfaces between the buffers and the 
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Figure 5. Variation of attenuation with line length for met 
and alloys tested by buffe r-technique method. 


test material, and is referred to as the buffer loss 
It is not the same for all materials due to differences 
in their physical properties and structure relatiy 
to that of the buffer material. Table 3 lists ¢! 
buffer loss and the attenuation loss per inch lengt! 
of a number of materials tested. 


Attenuation at room te mperature of various 


rials as obtained by buffe r-line tec hnique 


TABLE 3 


Attenuation 


Material 
Per inch 


iffer 
of length Bull 


FS-1 magnesium alloy 

Annealed high-purity nickel 

Cold-drawn commercial nickel 

Invar 

32-percent-nickel iron 

18:8 Cr-Ni steel 

Spheroidized carbon tool steel 

Quenches and tempered carbon tool 
stee 

Isoelast ic 

Isoelastic 

Isoelastic 

[soe lastic 


The quenched and tempered 1.2-percent-carbon Lo 
steel and Invar provided values of attenuation p 
unit length similar to magnesium FS-1 alloy, thous! 
exhibiting higher buffer losses. Isoelastic alloy ! 
and 18:8 Cr-Ni steel gave greater values of attenu- 
tion per unit length with buffer losses comparable \ 
the hardened tool steel and Invar. Commerc 
cold-drawn nickel, 32-percent-nickel iron, and 1s 
elastic alloy A showed still greater values of atten 
tion per unit length and also exhibited buffer loss 
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Figure 6 Vic roqg iphs of structure of various materials 


Cold-drawn isoelastic alloy 
{ hydrochloric 
ross section, etched 


1 36% nickel, 12% chromium, 52 ron alloy E, cross section, of nitrie (conc.) and 4 parts of glacial acetic acid 
on No. 2 reagent. The rather complex formula and method of b, longitudinal section, etched in 1 part of ferric chi 
went have been described in [14 B. Cold-rolled 36% nickel, scid and 20 parts of water. E. Hot-rolled isoelastic 
52% iron alloy E, longitudinal section, etched in Precision No. 2 in Precision No. 2reagent. F. Hot-rolled isoelastic allo ongitudinal section, 
nnealed high-purity nickel. longitudinal section etched in 6 parts etched in Precision No. 2 reagent 








lower than Invar. High-purity nickel was the 


poorest transmitter of sound of the materials shown, 
although it did not show a correspondingly high 


value of buffer loss 

A short length of alloy E was found to give ex- 
tremely high values of attenuation, as did the single 
ervstal of aluminum. Attenuation per unit length 
could not be evaluated for these two materials 

A study of figure 5 and table 3 reveals that no 
general relationship exists between nickel content and 
attenuation per unit length for the respective metals 
and alloys. Factors such as other constituents, 
degree of cold work, and grain structure must also 
be considered as important. The isoelastic alloy E 
(fig. 6 A and B) and the high-purity nickel (fig. 6, C) 
both possessed large grains, which may account, in 
part, for the high attenuation per unit length ob- 
tained. The very low attenuation per unit length 
of the quenched and tempered carbon tool steel can 
be attributed to its structure; when annealed, the 
tool steel was found to give a somewhat higher value. 
Of the commercial isoelastic alloys tested, alloy B 
was cold worked a greater amount, with the accom- 
panying refinement of its structure (fig. 6, D), than 
was alloy C (fig. 6, E and F). This, accordingly, 
might be presumed to be a prime factor for the 
low attenuation for alloy B. However, a few tests 
on another heat of hot-worked alloy C with a struc- 
ture similar to that of figures 6, E and F, indicated 
this material to have as low attenuation per unit 
length as alloy B. 


6. Effect of Cold Deformation, Annealing 
Treatment, and Sound-Path Cross Section 
on the Attenuation of Ultrasound 


A rather extensive study was made of the ultra- 
sonic properties of isoelastic alloy A during this 
investigation. This material was received in \-in.- 
diameter size, having been cold-reduced 30.5 percent 
and stress-relief annealed at 500° C during manufac- 
ture. This material, as received, possessed a rather 
large attenuation per unit length and a low buffer 
loss, as shown in curve 1, figure 7 (also shown in 
fig. 5). Full annealing of this material tended to 
raise the attenuation length curve, as show in curve 
2. When the as-received material was cold-swaged 
to 0.165-in. diameter, that is, to a total cold reduc- 
tion of 70 percent, an appreciable rise occurred in 
the attenuation values (curve 3). Stress-relief an- 
nealing of the swaged material caused a slight lower- 
ing of attenuation (curve 4). 

In order to determine whether the increase of 
attenuation was due to the actual cold-working of 
the material or whether it was due to the reduction 
effective cross section of the sound path, some of the 
as-received material was machined to 0.165-in. 
diameter. Curve 5 for the machined material lies 
between curves | and 4, and thus indicates that the 
rise in attenuation of the swaged material was 
partly due to the effect of cold-working and partly 
to reduction of cross section, ‘ 
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of annealing treatment and addit 
attenuation-length characteristics of 


Figure 7. Influence 
cold-swaging on the 
elastic alloy A. 


Curve 1, as received (cold-swaged to 30.5% reduction of area and 
annealed, 0.25)-in. diameter); curve 2, fully annealed (0.250-in. diameter 
additionally cold-swaged to a total of 70°) reduction of area (0.165-in 
curve 4, additionally cold-swaged to a total of 70°% reduction of area « 
liameter) plus stress-annealed at 400° C for | hour; curve 5, as received 
chined to 0.165-in. diameter 


It should be noted in this group of curves, ho 
ever, that all except the curve for the annealed alk 
possess nearly the same slope for the portion lyin: 
between zero and 1 in. in length, which is the exter 
of some of the upper curves. Thus the princip 
difference in attenuation values for these curve 
can be attributed to a difference in buffer loss. 7! 
principal effect of the additional cold-swaging 
therefore, exclusive of the effect of reduction 
cross section, was its apparent effect on the trans 
mission characteristics of the buffer-specimen inti 
face, i. e., the additional cold-working evident 
tended to impede the transmission of sound |y 
tween such surfaces. The increase in buffer loss | 
full annealing indicates that optimum sound-energ 
transfer occurred at the interfaces when this mate! 
had been only moderately cold-worked and stres- 
relief annealed (compare curves | and 2). 

In the above tests, specimen diameters vari 
from 0.25 to 0.165 in., thereby affecting somew! 
the sound-transmission efficiency, inasmuch as t! 
effective sound-path cross section at the input crys 
could be as great as 4 in. sq. Some tests were ther 
fore made to determine the effect of increasing sp: 
men cross section beyond that of the crystal on t 
sound-transmission efficiency. One-inch-long spec- 
mens of magnesium alloy J—-1 were machined | 
diameters ranging from \ to }s in. and tested betwee! 
buffer lines. A maximum of only 3-db variation 0! 
attenuation was obtained in these tests, with m 
regular variation with diameter. Therefore, the 
effect of specimen cross section exceeding the cryst#! 
area evidently does not have a significant effect 
the efficiency of sound transmission. 
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st of Temperature on the Attenuation 
rasonic Pulses in Various Materials 


were conducted to determine the effect of 

ire on both the delay-line material and the 
er connections attached to the delay line 
S and 9 show the variation of attenuation 
yperature of various assembled delay lines. 
se lengths are indicated in the legend of each 
With the exception of curve 3 of figure 9, 
num pulse length was emploved. 

S provides a comparison of various com- 
is of cements and curing conditions on 6-in.- 
lov B delay lines. In a preliminary test, 
ng the shorter 5-in. furnace, with transducer 
ons extending outside the furnace, the 
tion was found to show negligible variation, 
or a small decrease at 120° C (curve 1). Thus 
erature change of the delay-line material, in 
ve shown, caused little variation of attenua- 
ie transducer connection probably is the chief 

affected. Later tests with the shorter 




















80 120 
TEMPERATURE, °C 


Influence of temperature on atlenuation of 10 mega- 
frasonic pulses in isoelastic alloy B, crystals cemented 
ited. Measurements made for initial received signal 
re line at indicated temperature, except curve 1 


line, adhesive AA, cured 200° C, tested in 5-in. furnace, optimum 
xceeds 10 microseconds; curve 2, 6-in. line, adhesive AA, cured 200 
ulse length 2.5 to 6.8 microseconds; curve 3, 6-in. line, adhesive AA, 
ifter test 2, optimum pulse length 2.75 to 5.4 microseconds; curve 4, 
hesive BB, cured 280° C, optimum pulse length 5.4 microseconds 
flection of test 4; curve 6, 5.3-in. line, adhesive CC, cured 550° C, 
length exceeds 10 microseconds; curve 7, 5.3-in. line, adhesive DD, 
ptimum pulse length exceeds 10 microseconds; curve 8, 5.3-in. line, 
ired 350° C after test 7, optimum pulse length exceeds 10 micro 

4, 5.3-in. line, adhesive EE, optimum pulse length exceeds 10 


furnace on a similar specimen, with cooling air blasts 
directed at the transducers, indicated a lowering of 
attenuation by as much as 8 db at the higher temper- 
atures. Such evidence suggests that the attenuation 
per unit length of the test alloy actually diminishes 
at higher temperatures. 

The remaining curves in these figures were ob- 
tained with the entire delay line situated in the 
longer furnace. When adhesive AA was used with 
the recommended 200° C curing temperature, a 
sharp rise of attenuation (curve 2) occurred at 
elevated test temperatures in contrast to the less 
abrupt rise obtained after overcuring at 275° C 
(curve 3). 

Curves 4 and 5, obtained with adhesive BB, cured 
at the optimum temperature * of 280° C for this 
cement, show the variations of attenuation as ob- 
tained with the principal signal and the first re- 
flection. Although a small temperature variation of 
attenuation is secured, the strong reflected signal and 
the large pulse length required for maximum signal 
are both deterring factors for satisfactory ultrasonic 
pulse transmission in such a delay line. Somewhat 
shorter optimum pulse lengths were obtained with 
adhesive AA (curves 2 and 3). 

Curve 6, obtained with silver-paste adhesive CC, 
indicates remarkably small variation of attenuation 
with temperature and a low level of attenuation, 
although requiring a long pulse length for optimum 
transmission. 

Curves 7 and 8, obtained with silicone adhesive 
DD, illustrate the flattening of the attenuation- 


? The optimum temperature for any cement is that minimum curing tempera 
ture resulting in the least temperature variation of attenuation 
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Ficure 9. Influe nce of temperature on attenuation of 10 mega- 
cycle ultrasonic pulse 8 of tle signated le ngth in various de lay 
lines, crystals cemented as indicated. Measurements made for 
initial received signal with entire line at indicated temperature. 


Curve 1, 6in. FS-1 magnesium-alloy line, adhesive AA, cured 200° ¢ 
optimum pulse length 1 microsecond; curve 2, 6-in. FS-1 magnesium 
alloy line, adhesive BB, cured 200° C, optimum pulse length exceeds 10 micro 
seconds; curve 3, same as test 2 with pulse length 3.7 microseconds; cufve 4, 6-in 
isoelastic-alloy C line, adhesive BB, cured 200° C, pulse varies 0.8 to 1.4 micro 
seconds 
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temperature curve by elevating the curing tempera- 
ture of this adhesive from 250° to 350°C. However, 
curve & lies somewhat above curve 6 and was ob- 
tained with a larger optimum pulse length than was 
The apparent plastic condition of silicone 
cements, even at elevated temperatures, obviously 
detracts from their usefulness for transducer connec- 
Curve 9, for Bakelite cement 


curve 4. 


tions in delay lines 


EE, indicates a fairly high attenuation with a low 
A fairly long pulse length 


temperature variation. 
is required. 

Figure 9 shows the variation of attenuation with 
temperature for additional materials. Curves 1, 2, 
and 3 were obtained with FS-1 magnesium alloy. 
Adhesive AA cured at 200° C (curve 1) provides a 
fairly short optimum pulse length, although produc- 
ing a large variation of attenuation with temperature 
above 120° C. Adhesive BB, cured at 200° C, gave 
a smaller variation of attenuation, although it had a 
somewhat higher room-temperature value. The rise 
in attenuation produced by shortening the pulse 
length from its optimum value of 10 wsee (curve 2) to 
3.7 usec is shown in curve 3 Data for these latter 
two curves were obtained during a single tempera- 
ture-attenuation test. For this reason, curve 3 be- 
tween the points at the two highest temperatures is 
drawn approximately parallel to curve 2. 

Curve 4 is for isoelastic alloy C with adhesive BB. 
A small rise of attenuation occurs at about 150° C. 

Additional tests were made on other delay lines 
with similarly cemented crystals for temperatures 
ranging to as low as —60° C. Negligible variations 
in attenuation were noted below room temperature; 
these curves are not plotted. 

It is evident from the above results that perhaps 
the principal variable in the efficacy of ultrasonic 
transmission in the isoelastic alloy delay lines is the 
transducer assembly. It was therefore considered of 
some interest to determine whether any relationship 
existed between the mechanical strength and sound- 
transmission efficiency of the cements for the various 
curing temperatures employed. 

Some mechanical tests were made in which carbon- 
steel tensile specimens were cut in two, the cut sur- 
faces being carefully polished and rejoined with the 
various adhesives by the same methods employed in 
attaching crystals to delay lines. These specimens 
were then tested in tension. 

Maximum tensile strengths were obtained with 
joints of adhesives AA and BB, when cured at 130° 
and 150° C, respectively. It will be recalled that 
the optimum curing temperatures for these cements 
for best signal transmission were 275° and 280° C, 
respectively. At these latter temperatures, the 
mechanical strengths of the joined bars were appreci- 
ably lower than maximum. It was also observed 
that silver-paste adhesive CC, which gave low signal 
attenuation, possessed quite low mechanical strength 
at all curing temperatures. 

Evidently high strength and optimum signal trans- 
mission are not synonymous. The higher curing 
temperature, though probably causing a more brittle 
and weaker joint, may provide in such brittleness 


better signal transmission qualities. Thus 

velopment of good transducer connections b: com 
purely empirical, inasmuch as the sound and m: chap. 
cal properties of these elements cannot be corr:late, 


8. Effect of Temperature on the Delay Tim. 
of Ultrasonic Pulses in Various Materials 


Figure 10 shows the influence of temperatur 
delay time, or time of transmission, of 10-Me uly 
sonic pulses in assembled delay lines of various yp, 
terials. Some of these tests were extended to sub- 
zero temperatures. The FS—1 magnesium-alloy |i 
showed the greatest change in delay time with te 
perature. Of the isoelastic alloys tested, alloy ( 
alone shows no variation in delay time up to ¢ 
highest test temperature, 194° C. The delay time f 
alloy B does not change up to 180° C, but rises ther. 
after. The delay time for alloy D rises gradually wit! 
temperature up to 130° C, above which it is nea; 
constant. 

The sensitivity of measurement of delay tim 
these tests was approximately 0.1 usec. For a 4 
usec delay line, the limiting variation of the temper: 
ature coefficient of delay, measurable over a 200° | 
range is 10 parts per million. Thus for alloy C, this 
coefficient evidently is 8 parts per million or smal 
By comparison, the temperature coefficient of dela 
for the FS-1 magnesium-alloy line averages abow 
380 parts per million over the test temperature rang 

The small change in delay time above 180° C ob- 
served with isoelastic alloy B may not be due to « 
actual change in properties of the alloy. A ratly 
poor received-pulse shape was obtained with this 
material; it is possible that a change in pulse shay 
at the upper temperature levels due to some chang 
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Influence of temperature on delay time Jor 
lines of various materials. 
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roperties of the adhesive might effect a shift 
on of the received-pulse peak and thus effee- 
hange the measured values of delay time. 


This latter attachment method also produced the 
smallest reflected signals. 
2. The attenuation per unit length of a material 


is best measured by the buffer test method. It varies 
from a very small value for the FS-1 magnesium 
alloy to very high values for annealed high-purity 
nickel and a single crystal of aluminum. The buffer 
loss ranges from small values for the FS-1 magnesium 
Whereas a magnesium delay line may alley te somewhat higher values for the isoelastic 
satisfactory attenuation and pulse-reproduc- alloys. Invar. and 18:8 Cr-Ni steel 
jaracteristics, its delay time varies appreciably 3. Although very coarse-grained materials pre- 
mperature. Constancy of delay time with sumably give a high attenuation loss, such losses do 
tenuation is most nearly fulfilled by isoelastic not show a fixed relationship with grain size for the 
B and C; alloy C exhibits no measurable finer structure commercial isoelastic alloys 
ature variation of delay time. When crystals 4. Although pure nickel possesses a high attenua- 
ached to an isoelastic alloy C delay line with — tion per unit length, there is no regular variation of 
ve BB and cured at 200° C, a reasonably high attenuation with nickel content. Invar, a 36- 
ation is secured (fig. 9, curve 5) that is nearly percent-nickel iron alloy was found to have an 
ndent of temperature. In order to obtain a attenuation per unit length of the same magnitude 
ature invariant attenuation at a lower loss as magnesium FS-—1 alloy and quenched and tem- 
is typified by curves 4, 6, and 8 of figure 8 for pered 1.2-percent-carbon tool steel 
ic alloy B, it is necessary to use delay lines 5. In tests on the effect of cold-work and annealing 
produce greater signal distortion and thus re- on one of the isoelastic allovs. it was determined 
a greater pulse length for optimum trans- that the attenuation per unit length was not affected; 
nission. These tests would indicate that for these however. the buffer loss was the lowest at an inter- 
lovs a low attenuation is not compatible with a mediate stage of cold-work. 
short optimum pulse length The increase in buffer loss of the severely swaged 
The number of variables that affect sound trans- — jsoelastic alloy was due only partly to the change in 
ssion make it difficult to provide a simple explana- structure of the material. being also due partly to 
of the occurrence of the above relationships. the reduction in cross section of the material. Where 
of these variables are (a) the damping of the the cross-sectional area of the specimen exceeded 
ystals by the cements and delay line, (b) the effect that of the ervstal. the effect of change of section 
f{ a poorly damped resonating crystal on signal ¢ould not be detected. 
listortion, (c) the relative acoustic impedances of 6. Of the various metals and alloys tested, two 
ystals and line materials, and (d) the influence of commercial isoelastic allovs. of different manufac- 
the cement-laver characteristics on the sound trans- ture. were found to possess the least variation of 
mission. Possibly other variables affect these re- delay time with temperature over the range —50 
tionships, necessitating an empirical study of each to +200° C. Both alloys contained approximately 
ystal, cement, and material combination in order 36 percent of nickel, 7 to 8 percent of chromium, plus 
io determine their suitability for use in delay lines. other minor constituents. The variation of over-all 
These tests indicate that the transducer assembly attenuation with temperature for these alloys was 
s the greatest variable in obtaining satisfactory found to be due primarily to the transducer assembly 
elay-line transmission over a wide temperature employed; a small decrease of internal attenuation 
range é' with rise in temperature was indicated on one of 
\ primary requirement is a thermally stable these materials. A negligible variation of attenua- 
cement layer of suitable transmission characteristic. tion with temperature up to 200° C, at a low attenua- 
Even with an ideal cement, transmission is limited tion level, was secured by cementing the crystals to 
by the matching of the acoustic impedance of the the more severely cold-worked of these two allovs 
rystal and delay line. with a silver-paste cement or one of the proprietary 


epoxy-type cements that had been overcured after 
10. Conclusions attachment. 
For the isoelastic alloys low attenuation was found 
From measurements made of the transmission of — to be incompatible with short optimum pulse length 
\)-Me ultrasonic pulses in various metals and alloys, for any of the transducer connections tested. The 
the following conclusions may be drawn: limitations of obtaining good transmission appar- 
The most efficient of the methods employed for ently are associated with the characteristics of the 
onversion of electrical energy into sound energy cements and the relatively poor impedance match of 
within a delay line, and vice versa, is to attach quartz crystals with isdelastic alloys. 

crystals to the delay line by an epoxy-type Somewhat higher curing temperatures were neces- 

The best reproduction of the principal 

tted signal wave shape, however, was ob- 


9. Delay-Line Characteristics 


esults of the above tests indicate limitations 
the optimum delay-line characteristics ob- 


Wi yoy 


sary for producing cemented joints having best trans- 
mission qualities, than for procuring maximum 
by use of laminated plastic pressure holders 
h the quartz crystals were backed up with 


«ks and separated from the line by tinfoil. 


mechanical strength. 
7. Although the buffer technique presents a rapid 
means for determining which metals possess a low 
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attenuation per unit length or low transducer .losses 
at room temperature, the more tedious procedure of 
empirical determination of crystal, cement, and 
metal delay line combinations tested over the tem- 
perature range to which the delay line will be sub- 
jected, is necessary for satisfactory development of 


such lines 


—_—_ 
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A Radio-Frequency Permeameter 


Peter H. 


An instrument is described, which, 
devices, 


The 


measuring is capable 


toroidal cores, 


In connec 
of measuring the permeability 
measurement is made by inserting a toroidal cor 


Haas 


tion with commercially available impedance 
and | in ferromagnetic 


losses 
into the short-circuited 


secondary of a transformer whose primary is attached to a radio-frequency bridge or Q meter 


Equations are derived for the measurements, the accuracy and sensitivity are dise 
1 ‘ 
Finally 


are given 


temperature 


typical construction details 
measurement of permeability Cor 


1. Definition of Symbols 


he top cover removed 
) admittance 
de the top 


Input inductance with t 

read 
bridge parallel co 
cover removed 

Input 


the 


or meter, 


Capacitance 


ser with 


inductance wit! 1e top cover shorting 


~ condary 

Capacitance with t he p cover shorting the 
econdary 

Input inductance wit 

with the 


Corres |x 


h the test sample inserted 
test sample inserted 


Capacitance 
nding the 


Series resistances to above 
conditions 

Paralle! 
conditions 

Values of the storage factor Q re ad ona Q meter 

corre sponding to the above conditions 
Le, Re—-R,, Co-C 

Ly-L-, R--R,, Cr-Cy, respectively 

L;-Lo and Co-Cy, respectively 

Voltage applied across the primary terminals of 


conductances corresponding to the 


L 


, respectively 


the permeameter 
Voltage appearing 

secondary with V, 
Initial permeability. 
Magnetic dissipation factor. 


Ho’ = 1/po’Q). 
R and L lin the 


used 
t series resistance and inductance 


t he 


across the 


open-circuited 
primary 


across 


Note: 
tan 6,. 
introduction denote the 
of a core, respec- 


mbols 


ts used are those defined in the rationalized MKS 
henries, farads, and mhos, for inductance, 
resistance, and conductance, respectively 


ohms, 


ct 


2. Introduction 


With increasing use of magnetic cores at radio 
frequencies coupled with more stringent demands in 
munications equipment, it has become more 
tant to accurately evaluate the behavior of 
aterials in the frequency and temperature 
n which they are to be used. At the same 
ass-production methods demand a simple and 
heck for quality-control purposes. In addi- 
these requirements, some of the newer mate- 
th their wide spread of permeabilities, have 
Ider testing methods either inaccurate or 
ve. The instrument described was designed 
need for a quick testing method of moderate 
over the greater part of the range of perme- 
currently available at radio frequencies 
'Me/s. With proper caution, this frequency 

W ell be exceeded. 


or 


issed, and 


a modification of the device enabling the 


fficients is discussed 


It desired to measure the initial 


permeability 


is 


complex 


” 


Mo = Mo— J Mo, 
where yo is the quantity usually called simply the 
initial permeability, and yo/u, is the initial dis- 
sipation factor, tané,,. Initial permeability is that 
value of uw’ measured on a previously demagnetized 
sample with such low field strengths that no change 
noticed when the field reduced still further. 
The initial dissipation factor tan 6, is measured 
under the same conditions. Ideally, it therefore 
does not contain any losses caused by hysteresis and 
its resistive component is not a function of the field. 
It may be noted that Legg’s loss factor, LZ, [1]! 
equals * 


Is is 


27 tan 6,, 
po fL Ue ; 
In the past many laboratories have used a 
method of measurement in which toroidal cores have 
a number of turns of wire placed upon them. An 
impedance bridge or 9 meter is then used to measure 
the effective inductance and resistance, and the 
permeability is calculated from these values and 
the known geometry of the When all the 
losses not contributed by the core are deducted, one 
can also calculate the dissipation factor. This 
method, while cumbersome of the labor 
involved in the toroidal winding process, is accurate 
enough if all the factors contributing to errors are 
taken into consideration. Some of these factors are: 

1. At higher frequencies it is necessary to reduce 
the number of turns to a minimum, that the 
reactance of the ring will fall within the measurable 
reactance range of an impedance bridge or within the 
capacitance range of a 4 meter. This, in the case 
of low- and medium-permeability materials, leads 
to an error because of violation of the uniform- 
current-sheet assumption. 

2. Some of the newer core materials, especially 
those with high permeabilities, are known to exhibit 
high dielectric constants as well as high dielectric 
If the product of permeability and dielectric 


—————————————— 


core. 


because 


sO 


losses. 


! Figures in brackets indicate the literature references at the end of this 


? See appendix III for definitions of symbols, 


paper 
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constant is sufficiently high, a large percentage of a 
wavelength may exist even at low frequencies in 
a dimensionally small core. The errors caused by 
this effect ean very large This case and the 
correction of the errors involved are admirably 
well discussed in the literature [2]. There 
however, even for fairly low dielectric constants, the 
additional problem caused by displacement currents 
between windings separated by the core material. 
This causes the inductance that would actually be 
present if the material had unity permeability and 
the dielectric constant found in a_ ferromagnetic 
core to differ from the inductance ZL, (see appendix 
II) ealeulated from the dimensions and the 
number of turns 

A simple method used primarily in the powdered- 
iron fields vields the effective permeability, u.,s;, and 
dissipation factor, tan d.,, of One simply 
notes the change of inductance or resonating capaci- 
tance caused by the insertion of a rod into a standard 
Although it is sometimes possible to evaluate 
given the 


be 


Is, 


core 


slugs 


coil 
the true material constants y, and tan 6 
length to diameter ratio, this ratio must be unreason- 
ably large to obtain satisfactory sensitivity for 
permeabilities of several hundred and higher 

A third method used at the National Pureau of 
Standards and other laboratories obtain the 
highest accuracies involves the use of thin annular 
disks accurately ground or machined from the core 
material. These are inserted into a coaxial line 
whose impedance changes are measured. From the 
viewpoint of accuracy this is a highly satisfactory 
method. The aforementioned errors either do not 
apply or their elimination or correction is relatively 
simple However, the method suffers from a number 
of drawbacks. As mentioned the sample 
must be prepared with the highest precision. The 
test is destructive insofar as the sample is not usually 
of a shape usable in application. Furthermore, 
special, low-impedance measuring instruments are 
often required for the measurements. 


to 


above. 


3. Description of the Radio-Frequency 
Permeameter 


Inasmuch as the requirements for an accurate 
coaxial line measurement are somewhat stringent, 
there exists a need for a method of lesser accuracy 
for use in conjunction with commercially available 
measuring instruments. The test samples employed 
should be readily available without any need for 
accurate shaping and ideally, ought to be usable in 
applications. It is believed that the method here 
described meets these requirements. In 1924, G. A, 
Kelsall developed an instrument measure the 
permeability of core materials at power-line and low 
audiofrequencies [3]. The RF permeameter (fig. 1) 
described in this paper is essentially of the same 
construction. Certain changes were made, neces- 
sitated by the higher frequencies used. The com- 
plete equations, taking losses into consideration, 
were developed to allow the measurement of the 


to 
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Fiaure | 


franstormer 


radio-frequency losses in core materials.® Add 
tional changes were made to adapt the instrume: 
to the measurement of temperature coefficients « 


permeability. 


4. Analysis 


The transformer is represented by the netwo 
shown in figure 2. Then the input impedance, 7 
at the primary terminals for three conditions in t! 
secondary is 


Zi R, +jwl, 


for the secondary open-circuited, 


‘ , w* M? 
Le R, T joL,+ : 
R,- jwol, 
for the secondary short-circuited without samp 
inserted, 

, , w’ M? 

y R, T wl, + - 

/ (R:+R,)+jo(L.+L, 
when the short-circuited secondary impedance ! 
been increased by a quantity Ru+joL, becaus 
the insertion of a ferromagnetic core. 
The use of a high 9 secondary allows us to make 
following assumptions: * 
3 At present it appears impossible to use the method described ! 


determination of values of u’’<0.1 approximately 
* See appendix I. 
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R?< 
R, R,, 9 


he above equations the mutual inductance, .V/, 
is not directly measurable from the input 
als, must be derived 

We note that if the secondary be left open-circuited 
voltage, V,, be applied to the primary ter- 


(R,+-joL,)i, (6) 
joMi,, 


V R2+- Li 
wM 


The primary coil is selected to have a specially 
rh 0, so that 
R<.L?. (9) 


therefore have 
M 
onvenience, let this ratio be defined 
Vi 
€o 
the leakage inductance is negligible, this is 
xactly equal to the turns ratio, and for moderate 
weuracies, this assumption may often be made. We 
shall discuss this point later in some detail. 


Using these conditions we may solve eq (2) and (3) 
for R., Lo, R, and L, respectively. 


Z,—Z,=R; ( mn ) —j aE] 


"\NL, L,\.N 


Furthermore, 
wh 
(=y7') 
R.+- R,)+-jo(L 
> L . ¥ R 
Ru=('N) 73 —ii | 
be L; 
CN) LVL 


Zfif—Z 


where 
Rra=R,—R,; 4 “7 “3 4 P ‘ 19) 


We have thus been able to solve for the added 
inductance and resistance arising from the presence 
of the ferromagnetic test core in terms of the meas- 
ured values R,, L,, Ly, Ry, Ry, and L,. It remains 
then to calculate the permeability , yu’, and the dissipa- 
tion factor, tan é,,, from these values 

The value of L,/(u’—1) may be calculated from 
one of the available formulas (see appendix II Let 
this value be called L,. Thus u’—1=—L,/L, and 


E.NE 1 TZ, 

_ Lande 

“ ) a 
Furthermore, since 


tan bn, 
Wis 


ier ad 


It is noteworthy that the bracketed quantity in eq 
(20) is a constant that may be calibrated. Similarly 
the last ratio in the brackets and Ly» in eq (22) are 
constants. Thus only the differences L,—ILp, L, 
L,, and R,—R, need to be measured for each test 
core. 

The equations (20) and (22) give yw’ and tan 6, in 
terms of series components of resistance and induct- 
ance obtainable with a radio-frequency bridge. The 
extension to other instruments, such as an admittance 
bridge reading parallel components of conductance 
and capacitance, or toa ‘/ meter is immediate The 
equations are: 


(A) Admittance bridge, reading G+ ql . 
Cu 
1.4) wN*Cy 1 Cr 
\u } a 


Caln 


wy 








(B) Q meter, reading resonating capacitance C, and 
0: 


1, same as eq (23 


; CaC, 1 0, CX 1 (Co CC: 
tan o,, C0. | a (ooh )—-; = (6 Grd, )} 


(26) 
The choice of instruments will depend on the fre- 
queney range to be covered, the desired accuracy and 
sensitivity, as well as on the construction of the per- 
meameter and its primary transformer. An additional 
method, capable of high sensitivity in the value of the 
permeability, especially for the measurement of tem- 
perature coefficients, of permeability, uses a radio- 
frequency impedance bridge, such as General Radio 
tvpe 916AL, in parallel with a variable capacitor, such 
as General Radio type 722N. The bridge is balanced 
with the permeameter connected to its unknown 
terminals in parallel with the capacitor. The balance 
is made with the secondary open-circuited and the 
capacitor set at its lowest value. The rest of the 
measurements are made as before, except that the 
reactive portion of the balance is made with the 
parallel capacitor only. The permeability is given 
by eq (23), and 


RB. Cala 1 R, , 
, Ry CuCn {1 —(1+~4'L,C,) 
tan 6, wL? wl (C2,LA, | | 


l R, 
( "ol R, 


(1 T 'L.Cuy |}. (27) 


An additional measurement that needs to be made for 
the evaluation of tan 4, is one for the primary 
resistance, R,, which must be made without the 
parallel capacitor. 


5. Details of Measurements 


In general, the measurements are performed in the 
same manner as any other impedance measurement. 
Certain precautions, however, will increase the 
accuracy. Upon examination of eq (20) through 
(27), it will be noted that in most cases only differ- 
ences of impedance are required. Many of the 
bridges used, as well as the Q meter, are provided with 
vernier capacitors, which may be used to advantage. 
The short-circuited impedance reading is usually 
close to the bridge reading with the sample inserted 
when the latter has low permeability. For high- 
permeability samples, the difference between the 
open-circuited impedance reading and that with the 
sample inserted is usually small. Arranging the 
order of readings in proper sequence so that a main 
dial need not be moved, the entire difference reading 


being taken on the vernier capacitor, usua 
increase the accuracy above the quoted ace 
the bridge. For bridges of the series-im; 
type, several transformers are necessary to 
wide frequency range. 

For the measurement of initial permeabil 
losses, extremely low fields are necessary. 
original article, Kelsall derived the express 
the magnetic field in the sample at the mean 
The equation shows the field to be proportion: 
the number of turns on the primary and th 
primary current and inversely proportional 
mean diameter, D), of the test core [4]. 


H 2N, (L,—L,) I 
5L,D 

where H is in oersteds, and when I is in amperes 
For a constant primary voltage, however, the tot 
current is inversely proportional to the input imped- 
ance, which is largely inductive. As the primar 
inductance itself is proportional to N?, the field wi 
be inversely proportional to \,, the frequency, an 
the mean diameter, and proportional to the applic 
voltage. The voltage in practice can be made yer 
low by using sensitive bridge detectors. Thus it car 
be seen that the conditions favor low magnetic fields 
and that it is not difficult to make a proper measure- 
ment of the initial permeability. In addition 
facilitating this measurement, a low voltage is als 
desirable from the viewpoint of transformer stabilit 
and high-input Q because of the reduction of hyster- 
esis losses in the primary circuit. Needless to sa 
a high ( is very desirable, especially for the measure. 
ment of dissipation factor. 


6. Accuracy 


It is difficult to determine the exact accuracy of th 
permeameter because too many indeterminate factors 
are involved. We shall discuss some of these t 
arrive at some estimate of the highest attainab! 
accuracy and also mention some of the shortcomings 
of the instrument. 

The problem of dimensional resonance caused } 
a high dielectric constant is, of course, not remediec 
in this instrument any more than if toroidal windings 
were placed on the core. The permeability and losses 
measured will simply be the effective values for tha! 
particular core. There are, however, only con- 
pletely negligible disturbing effects caused by capac- 
tance between turns and resulting displacemen' 
currents. 

The accuracy of the bridge or of the Q meter ust 
will of course be a large factor in the over-all accura’ 
of the measurement. Obviously all of the corrections 
to the readings as specified by the instructions lor 
the particular instrument have been made and car 
has been taken to keep all shunting capacitances at ! 
minimum. By applying such corrections wit! car 
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isily possible to secure results that are more 
te than the rated accuracy of the instrument 
his is used for a single measurement. This is 
e in most of the measurements only differences 
tance, resistance, or capacitance are required 
arely the case that the amount by which a 
reading will be inaccurate will change drasti- 
tween two closely related readings. Unless 
rticular instrument is equipped with a vernier 
the lack of large differences between readings 
sually be a greater problem than lack of 
icv. The over-all accuracy can be improved 
aluation through a calibration experiment of 
ortion of the equation that is theoretically a 
int. This point will be discussed in a later 
n 
iation (26) contains both 4, and Y,, which may 
bv little for low-loss samples. If 4; is large, a 
precise determination of this difference will be 
le. The same advantage is implied in the 
equations for the dissipation factor 
order to get some estimate of the accuracy of the 
irements, a number of samples having perme- 
es between 20 and 850 were tested by ballistic 
ods by the Magnetic Measurements Section of 
National Bureau of Standards. Although these 
asurements were made with direct current, they 
afford some comparison with the values obtained at 
100 ke/s on the permeameter, as there is rarely much 
change of the permeability in that frequency range. 
The differences between the two methods ranged 
from 1.6 to 2.8 percent. Some comparisons, es- 
pecially for the values of the dissipation factor, were 
also made with values obtained on coaxial samples 
of presumably the same materials. Because of the 
variations present from batch to batch and at times 
ven in the same piece, this comparison is not alto- 
vether conclusive. It may be said, however, that 
where the permeabilities agreed to better than 5 per- 
ent, the agreement between the dissipation factors 
remained within 10 percent. It is believed that these 
are reasonably reliable values for the maximum ac- 
provided all possible care has been taken. 
The frequency range within which the perme- 
ameter may be used is most limited by the decrease 
insensitivity and also to some extent by the decreasing 
accuracy of measuring instruments. Good results 
have been obtained at the Bureau up to 20 Me/s. By 
proper design it should be possible to extend the 
ipper limit. 


euracy, 


7. Calibration of the Permeameter 


7.1. Voltage Ratio 


lt is mentioned earlier in connection with eq (10) 
the voltage ratio | V;'/é.,) may be replaced by the 
ratio N if the primary leakage inductance is 
ble. This is essentially the case with trans- 
cores small by comparison to the radial dimen- 

f the instrument, of medium permeability 

or higher), and for turns ratios of the order 
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Ficure 3 Expe rimental arrangement for measuring voltage 


ratio 


of 100 or greater. It has been found desirable, how- 
ever, to use low-permeability cores (u’ below 20) for 
the higher frequency ranges because of the decrease 
in transformer losses. For best results, it is, there- 
fore, desirable to measure the voltage ratio at several 
frequencies. For moderate accuracies, a good vac- 
uum-tube voltmeter with a low voltage range (0.01- 
or at most 0.1-v full scale) will suffice. The experi- 
mental arrangement is shown in figure 3, which also 
shows a top-connection plate replacing the top- 
shorting plate (shown at the top of fig. 1) for this 
purpose. A stable radio-frequency generator with 
a voltage output approximately equal to that used 
for the permeability measurements is connected to 
the primary terminals, with provision for a shunting 
voltmeter close to the terminals. The voltage V; is 
read, and the voltmeter is then connected to the 
secondary terminals for the reading of @,. It was 
found that for input coils with 9 of 50 or better over 
the entire frequency range, the ratio will remain 
constant within 5 percent from 100 ke/s to 5 Me/s, 
increasing at the upper limit. A few cases have been 


225 


+ PERE 








PrsTON 





aTTenuaToR 

















| 
| 
a —_ 


FREQUENCY 


PISTON 














ATTENUATOR 

















PERME AME TER | me 





noted in which the deviations did not exceed 1 per- 
cent It should be kept in mind that this ratio 
enters the equations as a square, therefore any error 
in this ratio will cause an error twice as large in the 
permeability measured 

A more accurate calibration method is shown in 
figure 4. The piston attenuator is adjusted so that 
the voltmeter reads a voltage V, The permea- 
meter is then inserted between the attenuator and 
the voltmeter, and the attenuation is reduced until 
the voltmeter reads a voltage V, once more. If 
the attenuator readings were A; and A, db, respec- 
tively, the voltage ratio is given by 


V; A;—A 
len. “s 
lve ; 20 


This method is used at the National Bureau of 
Standards in conjunction with a standard piston 
attenuator for calibration of the permeameters. 
A dissipative attenuator, operating under matched 
conditions and with sufficient initial attenuation 
inserted, may also be used with somewhat re- 
duced accuracy. Such an instrument should then 
have a dial calibrated in hundredths of decibels at 
least. 


7.2. Secondary Inductance 
Consider the expression 


l 
w'N*¢ ‘( 1 


which appears as the multiplier of the ratio of the 
differences in capacitance in eq (23). We note 
that this is theoretically a constant for a particular 
permeameter independent of frequency or number 
of primary turns. 

If we define L;=N*y, La, where LZ, is the geo- 
metrical inductance of the primary core and 4, 


its permeability, it can be shown that 


l 
Om \ ee 


Leoax— La 


Now both Loa, and L,,; depend on geometry on) 
for wavelengths long as compared with their dimen. 
sions, and their values may thus be caleulated 
The values for LZ... and L,, are given by 


L=(2 In b/ajhX 10 


which is to be calculated for both Z,... and L 
The validity of this calibration constant over a \ 
range of frequencies, and turns ratios has be 
experimentally verified to better than one percent 
Therefore, it is possible to calibrate the radio f; 
quency permeameter, using physical dimensions 
only 


8. Measurement of Temperature 
Coefficients of Permeability 


Kelsall originally designed an additional mode! 
of his permeameter to measure permeability co- 
efficients of temperature [5]. This instrument 
well suited for low frequencies but somewhat larg 
for high-frequency use. A simple modification of 
the present instrument seemed to be more usefu! 

Figure 5 shows the modified permeameter for 
measurement of temperature coefficients of pe: 
meability. It is noted that except for an increas 
in the length of the secondary by the addition . 
cable the general structure of the instrument 
mains unchanged and so do the equations and meas 
urement procedures. Because the value of L, has 
been changed, however, a different calibration con- 
stant will be obtained. In a convenient experimen- 
tal setup a number of sample holders (the struct 
actually enclosing the test sample in fig. 6) ar 
placed in the oven simultaneously. Each one has 
cable of identical length leading to a coaxial switch 
That portion of the permeameter containing th 
primary coil may then be connected to any one o! 
the sample holders, one of which may be left empt 
to facilitate measurement of the short-circuite 
condition. Individual thermocouples can be con- 
nected to each sample to indicate its temperature. 

The cables and connectors used in this work mus! 
of course, be able to withstand high temperatures 
Coaxial cable and connectors with Teflon dielect: 
are now available for this purpose and will operat 
satisfactorily up to 250° C. The importance of this 
measurement is enhanced by the increasing need [or 
core materials in military miniaturization wor 
where temperatures up to 200° C are prevalen' 
This portion of the developmental work on tl 
radiofrequency permeameter was sponsored b) 
miniaturization project at the National Bureau 0 
Standards. 
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FIGURE 7 Radio-freque ney permeameter in use with Q meter 


j4] G. A. Kelsall, Permeameter for alternating current meas- 
urements at small magnetizing forces, J. Opt. Soc. Am. 
and Rev. Sci. Instr. 8, 334 (February 1924) 

[5] G. A. Kelsall, Furnace permeameter for alternating cur- 
rent measurements at small magnetizing forces, J. Opt. 
Soc. Am. and Rev. Sci. Instr. 8 (May 1924 


RE 6 Cutaway view oJ radio-fre quency permeameter 


The author is indebted to William A. Edson for 
ggesting the solution to the problem and to the 10. Appendix 1. Experimental Proof of the 
“tackpole Carbon Co., St. Marys, Pa., for their Validity of Equation 4 
ooperation in furnishing many Carbonyl powder 
toroids with extremely close tolerances in character- Measurements were made on a particular model to show 
stics that are presently used as transformer cores in thes the conteene for which eq (4) holds true can be met 
aN 1, > tare ‘) - sr -—n -t pcwW without difficulty. 
re ar rons ee ae” by a These conditions are most difficult to satisfy at the lowest 
. " é , frequencies. The data given below were taken at 100 ke/s 
on a high-precision bridge. 
From eq (2) and (10 
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11. Appendix 2. Value of Equivalent Air 
Inductance 


lhe value of L,° is derived in Bureau of Standards Bulletin, 
Vol 5, No. 3, p i441, as 


‘KA, 
Le io*D henry, 


where A is the cross-sectional area in square centimeters, 
The mean diameter D=b-+a K=1/2p In (1+p)/(1—p), 


where p=(b—a)/(b+-a), the ratio of radial width ¢ 
diameter, } is the outside radius, and a the inside rad 

Alternatively, an equivalent formula given in Buy 
Standards Circular 74, p. 251, eq (152), may be used 


l 
0.4606 h logy — x 10-¢ henry, 
a 


where A is the toroidal height in meters 


r'his is the inductance due to the space having the dimensions of the 
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On Mildly Nonlinear Partial Difference Equations of 
Elliptic Type’ 


Vol. 51, No. 5, November 1953 Research Paper 24 


Lipman Bers? 


The 


use of the finite 


differences method is in solving the boundary 


value problem of 


the first kind for the nonlinear elliptic equation A¢= F (z,y,¢,¢2,¢,) is justified by first show- 
ing that the problem of the corresponding difference equation has a unique solution, and 


then that the solution of the 
when the net unit tends to zero 


difference equation tends to that of the differential equation 
Also a numerical method of the Liebmann type for the 


computation of the solution of the difference equation is developed, and these results are ex- 
tended to more general nonlinear elliptic equations. 


1. Introduction 


method of finite difference is frequently used 
he numerical treatment of nonlinear partial 
ential equations of elliptic type. A theoretical 
cation of this method, however, seems to exist 

literature only for the case of linear equations. 
his note such a justification is given for the 
est nonlinear elliptic equation 


Ad= F(2,y,6,02,0, (1 


assume that the partial derivative /, is non- 
tive and the derivatives /y,, 4, uniformly 
unded, and approximate the differential equation 
the difference equation 


+ Or 
h? 


+- (x,y +h) hy) + 0(2,y—h) —4¢(2,y) 


4 o(z+-h,y)—o(a—h.y) 
kf 24,0 (2,Y), ~ Oh ae 
wil 


do(z,y+h)—o(z,y—h)) 


, 9 
2h ; = 
We shall show that the first boundary value problem 
for this difference equation possesses a unique solu- 
tion that can be computed by a Liebmann iteration 
method, and we shall estimate the difference between 
this solution and the solution of the boundary value 
problem for the differential equation. 

These results extend almost at once to the case 
vhen a more sophisticated difference equation is 
ised to approximate (1), and also, due to a recent 
result by Motzkin and Wasow, to the elliptic equa- 


Y) Ger +2b(2,y) bey + C(2,Y) Oyy= F (2,Y,6,02,0y)- 
Extensions to higher dimensions and to other nets 
are also immediate. On the other hand, our method 


8 tied to the maximum-principle; it does not apply 


paration of this paper was sponsored (in part) by the Office of Naval 


idress New York University, New York, N. Y. 


to such important quasi-linear equations as the 
equation of minimal surfaces or the equations of gas 
dynamics. 

We state explicitly that the reasoning reproduced 
below involves only a straightforward application of 
familiar arguments. In section 3, in particular, we 
paraphrase well-known facts in a form suitable for 
our purposes. 


2. Notations 


We denote by 2 a fixed bounded domain in the 
(x,y)-plane. © is the closure and 9 the boundary of 
2. F(zx,y,2,p.q) denotes a fixed continuous function 
We assume that 
exist and satisfy 


defined for (x,y) and all z, p, ¢ 
the partial derivatives F,, F,, F, 
the inequalities 


L\¢]=A¢— F(z,y,¢,¢:,%,), 


where A is the Laplace operator (Ad=@,.+-¢,y,). Let 
v(z,y) be a fixed continuous function defined on 2. 
Boundary value problem P consists in finding a func- 
tion ¢(z,y) continuous on Q and twice continuously 
differentiable in 2 such that 


L[¢|=0 in Q, =v on 0. (6) 
It is known that this problem has at most one 
solution, and that a solution exists under appropriate 
smoothness hypotheses. 

We approximate Z by a difference operator LZ, 
defined (for h>0) by 


L,|¢]=4,{¢] — F{ 2,y,6,Dn, [¢],Dr, Le] }, (7) 


where 

A,|o(z,y)] 

o(z+h,y)+(2,y+h) + o(2—h,y) + o(2,y—h) —40(2,y) 
5 - —ve 


h? 
(8) 
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o(r+h,y)—o(a2—hyy holds for every function defined on Qh. 
D,, Ae(2,y)] oy) , 
We observe first that the equation 
d(x,y+h)—o(r.y—h : 
D,, olay] oe 9} ‘ ‘ vl ’ =], 
ait 


Let P, be the point with the coordinates (7,¥Yo). 
The points (2o+h,yo), (tooth), (to—h,yo), (to,yo—h 
will be called the A-neighbors of Py and will be de- 
noted by Po, _ Py. A lattice domain Q, Is a 
set of points, 7, , Py, situated in 2, having 
coordinates that are integral multiples of h, and such 
that all points ?,, i=1, _N; »v=1,...,4 where 
belong to Q Neighbors of points of 2, that are not 
themselves points of 2, form the boundary Q, of Q,. 
We denote the points of Q by Pw, > Ee 
and the union of 2, and Q by Q. If Q, is fixed, and 
x is a function defined on 2,, we denote the value of x 
ata point P, (or at a point 7) by x; (or xe). We Since 
also set 1 
A> 
Lilo) = Alo — Ff ot .y¥beDro.2lOd, Dr sled 7 
where (18) implies that 


( <max ae ¢,>0 


od, 
(>min (gu, .--, du) If Oo <0 
[d,] 9s, D,Jje Ors" Ors, (9’) ; i 
_ 2h ~~ 2h and the equality sign in (19) holds only if $y 
: = du, ¥:Oi:—0. 

The boundary-value problem P, (for some fixed 
,) consists in determining a function ¢ defined on Let m and M be the minimum and maximum of 
solution of (17). If M>0 and ¢=M at a point / 
of Q,, then g=M at all neighbors of P,, at all neigh- 
L,|¢,)=0, eee bors of neighbors, etc. Hence ¢=M at a point ; 


o. A-similar argument holds ifm<0. Thus 


Q, such that 


a _M (10) 
; min(0,ming,d) < ¢@;<max(0, maxg;¢), 
From now on we assume that A is so small that at 


least one &, exists, and that 
and, in particular, 


Ah< 26, 0): ‘ . (11) 
} maxg, ¢ <MaXxg;'¢). 
where @ is some fixed number ai 
Consider now the boundary value problem 

3. An Inequality ' 
l » tl, ..5 
_In this section we recall some properties of the lod=k, i=1 . 
linear difference operator ro ; 
Lied A, lo T ad), acy uy BD, le } YPu (12) ’ " 
with It is equivalent to the system 


8, <A, (13) M 


N 
is wee IP. all S° ti» : om 
¥,>0. (14) 2,5 odin Me * em 


In particular, we want to establish the existence of where the matrices (L“) and (oe) depend only o 
a constant /, and Q,. In view of (21) the homogeneous systen 
C=C(A,6,d), (15) (k=0, vo =0) has only the trivial solution. Hene: 
the “Green matrix’”’ (G*’)=(L”)~—' of J, in Q, exists 

depending only on A, @ and the diameter d of 2 such and the unique solution of (22) is given by 


that the inequality 
N M 
(16) o:= > >G*k, + da Tey 


maXg “<¢ Xo. Id, i as 
a, ¢ maXa, iL ] MaXo; = 
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of l, 
the 


r’) the “Green boundary matrix” 


every function defined on ®, satisfies 


NX 
DG", [ds] T 


] 
ence the inequality 


maXxo,!¢) <¢c; maxe, /,/d]) + comaxg;'d (23) 


N VI 
max >*\|G@*), max >*\ |r" 
s=l1 N+1 


(24) 


(22) with k,=0, v,=4,, 
necker 6). Then ¢,;=TI'. By property (20) of 
ons of (17), 0<¢,<1, 1=1,2, ..., NH. Thus 
0 for all iJ. Next let @ be a solution of (22) 
; 0, On 41 Bag tyw=1 Then 


be a solution of 


M 
r= >> |r’ 
N41 
and by property (20) of solutions of (17), 
Hence, 
€C2<1 


Now let @ be the solution of (22) with ky=6,, v,;=0, 
**. Let Q, denote the lattiée domain 
by removing P,;. Assume that 
0, so that by (20) 
1,2,3,4. 


so that ¢; 

obtained from Q2, 

0. In Q, we have that /,[¢] 

o,<%,i4l. In particular, 0<¢, <¢), v 
¢)=1, so that 

h? } 


at{ 2+ 


h* 4 
, y at 
TV) OH =D bu So, 


which is absurd. Hence ¢,<0, and again by (20) 


0 fori#l. Hence 


G" <0 (26) 


Now set 


Los] =Anlodl + arDrelod+B8iDrsled (27) 


re, @;, €2 be defined as before, with /, 


and let Ge, 

replaced by i, 

efore, and let @ be the solution of the boundary 
problem 


Let @ have the same meaning as 


bat, > ee 


and since for i 


Lild:—oi] 


Thus G!<G", or 
28) 


Let &(z,y) be a continuous positive function defined 


on @ for which /,[@]>0, and 


maxyz ® ((A.6.d). 


ming, l, (>| 
We have that 


~~ M ‘ 
@,=>° G*ileJ+ dS) Pe,, 
« N+1 


and as the term on the left-hand side is positive, 


Me. 

3S) pu 

) TM,. 
N+1 


Noting that ¢.<1, we obtain the inequality 


N 
‘ming, J,/4]} >> |G“| <max;z ®, 
' o 


which implies that 


£,<C. (30) 


(23), (25), (28) and (30) the assertion (16) 


From 
follows. 


We conclude the proof by exhibiting a function 
(x,y) having the desired property (without aiming 
at the best possible value of C). Without loss of 
generality we assume that 2 is located within the 
strip 0<2<d. 

If Ad< 2, we set (z,y) =[x 


(d/2))?. Then 


A,|®]=2, D,, &)=22—d, D,, ,|&|=0, 
Ad, and of course ®<d?/4. 
d?/4{2— Ad]. 


so that in Q:/,[#]>2 
Hence in this case (29) holds with C 


If Ad>2, set 


Me f tanh (= e ) 


ur 


Pir, y) é 


Then max7z@? <e“ and 


s ( /2\F 
4,0) sen [ Sone | 


S 9 
al oe 2) | cosh (uh/2), Da l1=0, 
( 








so that 
) Sune sinh (uh) [tanh ph/2 -$} 
A=— a alk h 5 


tanh £)/¢ is a decreasing function of &, the 


Because 
the for 0<A<20/A, not 


expression in 
less than 


brackets 1s, 
tanh (u6/A 
20/A 
so that 


A*XV1 i) 36— ¢ 
i>) > : : 
T,{@) > oy tanh ( - ) 


holds again with 


; tanh ( a 4 )\ 


Thus (29 


( Ac 
» . 
28 xp ? 


A*(1— 6) tanh (= =) 


4. Existence and Uniqueness of the 
Solution of the Difference Equation 


The inequality 
maxo,!¢'—¢"| < C maxg,| L,[¢"| —L,[o"] 


maxg;|¢@'—@"| (31) 
holds for any two functions defined on Qh. : 
In fact, by the mean-value theorem, the function 
o—¢'—¢" satisfies the difference equation 
L,|¢"] 


L{¢] L,{¢"), 


where /, is defined by (12) with 
ay Py (26Yu2uP odo, B, 
Yi 


Ps - ) (6, oh) T (l—r,)(o" -oh)t, 


l 
qi ah } «(Oh : ! 4) t(1- r)(G—otD}, 


the r, being numbers such that 0<7r,<1. Since 
conditions (13), (14) are satisfied, inequality (16) is 
applicable and yields (31). 

t follows from (31) that problem P, has at most one 
solution 

Set 

Cy=max; F(z,y,0,0,0 (32) 

Then |L,(0) <C, so that applying (31) to an arbi- 
trary function ¢=¢' and to the function ¢"=0, we 
obtain 
(33) 


maxg,|¢, <CC,+C maxa, L,[¢)| +maxa;|¢ 


for eve ry function defined on 2). 
In particular, a solution @ of P, satisfies { 
equality . 
maxo,'¢| <A =CC,+maxz! rv). 
Now let (@"“) and (T”) be the Green matrix an 
the Green boundary matrix of the operator A, fo 
the domain ,, and define the continuous transforma 


tion ¢*=7;(¢) in the N-dimensional (@, . . 
space by the equations 


N 
¢; Q; —t> GF i Li,Yi,01, Dr ¢:),D, yld:] 
s=1 


Mf 
_— >> I'v, , = era” 
=N+1 
O<t<1. A point 


where ¢ is a real 


o=(¢), . . .,¢w) taken by this transformation into 
the origin is a solution of the boundary value problen 


parameter, 


tF{ £4,404)», 16d ,Dr lod } =9, 


Anldil 
- N, =0;, j3=N+1, 


‘ 


Let S denote the domain ¢7+4 +o) <NK 

By virtue of (34) no point of the boundary S’ of § 
is taken into the origin by 7;. Hence the degree of 
the mapping 7, of S at the origin (that is the \V-di- 
mensional solid angle under which the image 7’,(S’ 
is seen from the origin, divided by the measure of th 
N-dimensional unit sphere) is well defined. Sine: 
T, depends continuously on ¢, this degree is in- 
dependent oft. Fort=0 the mapping 7) 1s a transla- 

-+ XN 


f 

tion which takes the point ¢°, with ¢? >» rp, of 
j=Nt1 

Thus for 


t=1 at least one point ¢ of S satisfies 7;(¢)=0, and 
problem P,, has a solution. 

A somewhat longer but constructive existenc: 
proof will be given later. 


S into the origin. Hence the degree is 1. 


5. Convergence of the Solution of the Differ- 
ence Equation to that of the Differential 
Equation 


We assume now that problem P has a solution 
o(z,y). 

Let w(n) be the modulus of continuity of é(z,y 
in Q, that is, 


w(n) =1.u.b.\¢(z,y)—o(2’,y’)| for 


(x,y), (z’ ,y’)eQ, (2—z’)?+ (y—y’)*? <1. 

By w? (n),m@ we denote the maximum of the modul 
of continuity and of the absolute values, respectivel) 
of the second derivatives of ¢(z,y) in the close 
subdomain of 2 consisting of all points in Q@ having 
a distance not less than 6>0 from Q’. m~ au 
(for a fixed 7>0)w?(m) are nonincreasing functions 
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lim w? 


second derivatives of ¢(z,y) are continuous in 

m +o and w)(n)—-0 for n»-0. If o(z,y 
ses continuous partial derivatives of the third 

th order, we define mS. m ” m w m* in a 

manner. Finally, we denote by w*(y) the 
is of continuity of v(z,y) in 2 

2, be a lattice domain such that (i) every 
of @. has a distance not exceeding « from some 
of 2’, (ii) Q is contained in a closed subdomain 
having a distance not less than 6>0 from QQ’. 
note by “°° the solution of problem P, for 
omain. 

P, be a point of 2. By virtue of (i) there 
1 point (z,y) of 2’ such that 


v(z,y)| <w*(e), o(r,y), Swe). 


o(z,y) =v(2,y), we have that 


maxg, @”* é o < wie 

mm Taylor’s formula and condition (ii) it follows 
that for every point P, of Q,, 

<m? h, (38) 


Dy di)—(z) |,|Da lod — (%, 


<2Amh. 


F(2,Y,0,02,0,) 
(Ad), <2w? (h). (39) 
L\¢|=0, 
maxg, L,{¢] <2Am y h- 2wy (h). 
equality (31) now yields the estimate 


& <20C|mPh 

tw? (h)]+w(e)t+w*(e). (40) 
s relation shows that ¢ can be approximated by 
with any desired degree of accuracy. In fact, 
0 be given. We determine an «<0 so that 
o*(e)<n/2 and choose a closed subdomain 
{2 such that every boundary point of 2* has a 
e not exceeding ¢ from some point of 2’. For 
h>0 let 2, consist of all points in the interior 
&* whose coordinates are integral multiples of 
Let 6 be the 
We choose h so 

Then 


al vhose h-neighbors belong to 2*. 


Dos e 


2* to 0. 
w? (h)] <n/2. 


distance of 
hat 20[mPh- 


sma 


r 


| Sn. 


If the partial derivatives of ¢(z,y) of the third 
order exist and are continuous in 2, we may replace 
(38), (39) by 
38°) 


D, Add — (oz) i),|Da sled ~ 


A,ld, (Ad 


zm j h . 


and instead of (40) we obtain the estimate 


h. 8 * 


maxe, o | <3Cm (Ah? + 2h) + (6) + w*(€) 


(40’ 


If O\r,y) possesses continuous derivatives of order 
four, (39’) may be replaced by 
A, | ¢,) 


km h ’ 


(Ad); < 
so that instead of (40’) we obtain 


maxg,|o” © — | <2 C(2m +m )h? + w(e) + w*(e). 


{ 40)'") 
If the derivatives of ¢(z,y) (of order 2, 3, 4, respec- 
tively) are continuous in Q, condition (ii) is superflu- 
ous. We may drop the superscript and subscript 6 
in (40), (40’), (40°) and obtain, for h-0, «0, 
uniform convergence of ¢“° to @. In fact if all 
points of Q, are on © the terms with ¢€ disappear 
and we have, say in the case m“®< +o, that 
o™” —o|=0(h?). 

All preceding estimates involve (a), some a priori 
estimates for the solution of P, (8) the exact solution 
of P,. Without some a priori information on the 
solution of the differential equation, however, its 
approximation by the solution of the difference equa- 
tion can never be estimated. On the other hand, 
the difference between an exact and an approximate 
solution of the difference equation (and only approxi- 
mate solutions can be obtained in practice) can be 
estimated at once by means of (31). 


6. Solution of the Difference Equation 
by Iterations 


In this section we describe an effective method for 
solving problem P,, and at the same time obtain a 
constructive existence proof. 

Define (for i=1,2, a ae 


~« &l 2 3 » 
Fe3F'07,5°,59 


Then 
Of 
Oz 


is nonnegative, so that there exists functions 


2=9(Z;f',. 





such that 
FidlgdZ;e", .. F 
Also set 
(45) 


it) 


1! 
\ py. el 
a: ( PH a 
. .s i 


Let # be a function defined on ©, and satisfying 
the boundary condition ¢,;=»,, j=N~+1, , M. 
It satisfies the equation Z,[¢)=0, i=1, , N 
and is a solution of P, if, and only if, 


fl diidur, 
that is, if 


o:= 8b, - - «ea, i=1,...,N. (46) 

Now let ¢@ by any function in Q, satisfying the 
boundary condition and let the functions ¢, 
o”, ., be defined by either of the two following 
iteration schemes. (A), set 


@:"* 8{é, .. . VN (47) 


VW. 


and 7<i, 


(oi; *" f P= FP, 


lg otherwise, 


_M 


n 


If the sequence o converges, then the limit 
function is a solution of P,, for s,; is a continuous 
function of its arguments 
In the case of the Laplace difference equation, (A) 
corresponds to the difference equation of heat con- 
duction whose solution converges to that of the 
Laplace equation for n—@© (n being interpreted 
as time), and (B) is the well-known Liebmann method. 
We assume now that (3) is replaced by the stronger 
condition 
F,>n>0 (49) 
and prove that procedure (B) converges. The proof 
for (A) is practically the same. 


By (48) 


ei, (50) 


where the asterisk indicates that the partial deriva- 


By (41), (44), (45), 


of; 07d: Of; 
Oz Of” Of” 


of, 3G 


dz OZ I, 


F of, a Of; h 
” oe ort S 


Of, Of, 


of" rel F,, 


Os; 109; , Og: 
or 40Z ' or” 


so that by (42) 


and setting 


it follows from (49) that 


yy Os; 
ya) or” 


Os; 
it 
— rola _— p 
Setting 


Mast n+l o\" 


maxg, @ 


we conclude from (50) that 


Mast <pm,, 


so that 
My <p" 'm, 


and for p>1, 
+r) gin st 
vy=n+l 


m,p" 
’ 


m,< 
nes = 


maxo, o" 


which implies the existence of 


é=lim ¢™”. 


n— 2 


Also, by (46), (48), 


¢—¢%=D = cs — $1); 
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he double asterisk indicates that the partial 
4) 


ves are evaluated at a point (¢?, eae 


+ (1— ry) dip, O<t; 


Hn+i=MaXg, 7 


that ups; < pun, SO that 


Un Sp" uo (54) 


can be estimated by means of (31), we can 
ne a priori how many steps are needed in 
o obtain ¢@ with a desired degree of accuracy. 
vy we drop assumption (49) and set (for 7 >0) 


Ln” [bi] = Lalo +0. 


be the solution of the boundary value 


d 4, jJ=N+1,..., M. 


his solution exists by virtue of the preceding result. 
pplying (33) with Z, replaced by L{”, we conclude 
<K, so that |L,[¢{"] =o” <Kn. By (31) 


maxe, do” O°" | [20K (9! +” 


o=lim ¢” 


n> 


It is clear that @ is a solution of P,. Also, 


maxg,|¢” —¢ <CKn. 
can be computed by procedures (A) or (B > 
ve an effective method of solv ing P,, in all cases. 


7. Extension 


b(x,y), e(2,y) be continuous functions 


a rey ’ 
ed in Q 
(56) 


Alo] +- 2bo,, +-Coyy, (57) 


Lio] 


Aor: 


Alo] — F'(2,y,0,02,,) (58) 


th this new operator Z we can state problem P. 


Motzkin 


and Wasow* showed that (¢ being a 

ently large positive integer depending on A) 
be approximated by a difference operator 
') defined by 

l f 


> e(2,y)ola+rh,y+sh), 
s=—t 


\MO1= Fa 


S. 31 (1953 


and satisfying the following conditions: 


Al¢] if ¢(z,y) is a polynomial of second 
degree, 


Arlo] 


(59) 


p”*(x,y) >0 for (r,s) (0,0), (60) 


, » = 


‘ K; (61) 


0 p”(z,y) < Ky. 


a 
rao 


Applying (59) to ¢=1 we have that 


00/ \ \ 
eXzy)=— > 


ra 0.0 


p(zr,y)<0. (62) 


If $(z,y) has continuous derivatives of the second 
order whose moduli of continuity do not exceed 
w™(n), then 

|A,[¢] Al@] <2#?Kyw ? (2th), 
and if ¢(z,y) has partial derivatives of the third 
order bounded in modulus by m™, then 


(63’) 


4 . 
|A,[o] —A[¢]| <= CAM Mh, 


Under the hypotheses that the fourth order deriva- 
tives exist and are bounded by m™ in modulus this 
can be improved to 


A,[o] —A[¢]| <= tHAKym“ h?, 


9 
9 
o 
provided A, satisfies the additional condition 


0 if $(z,y) is a homogeneous 
polynomial of degree 3. 


A,l¢] 


All this follows easily from Taylor’s theorem. 


Once A, has been chosen, it is easy to find differ- 
ence operators 
l & 
Dz, Ad) j > a (z,y)o(24 
i [tc 


; 


rh,y+sh), 


la, 
D,, \¢) j 2a 7 (x,y)o(2+-rh,y+sh), 


satisfying the conditions 
oo” (r,y) 7 "(L,Y 0, 
o”*(x,y)\,\77*(x,y)| < Ko|p (z,y)|, 


and approximating ¢,, ¢, in the sense that 


¢, forevery linear function ¢(z,y). 
(67) 


dD, Ad] =r D, rl] 
We have that 


D, 1¢]—¢2!,|Dy [6] — oy! <2tK Kye (2th) (68) 








if (x,y) has continuous partial derivatives with 
moduli of continuity bounded by we? (» 
2A Kom@h (68" 


D, 21¢]— 2) ,|Dilol—¢ 


if the second derivatives exist and are bounded by 
m™ in absolute value. 


If 


0 for every homogeneous quadratic 
polynomial ¢(z7,y), 69) 


D, jAe)=D, ,(¢] 


then, under the hypothesis of (637), 


D,, [¢]—¢e!,!Da lol (8K, Kam h’ 


We approximate L by the difference operator 


Lo] = A,lo] — FL 2,y,6D ro 216), LO) }- 

Let Py be the point (x,y). We order the 7=4t(t+ 1) 
points (%+rh,yo+sh), where rss=0,+1, ..., +, 
and (r,s) #(0,0) lexicographically with respect to 
(r,s) and denote them by Px, , Por. These 
points shall be called the A-neighbors of Py. The 
new definition of neighbors leads to a new definition 
of the boundary &, of a lattice domain &,, and having 
this new definition, we can state the boundary value 
problem P, for the operator L, defined by (70). 

We make now two remarks concerning the linear 
difference operator 
(71) 


ld =Anlod +a lO) + Br lod —v oi 


subject to conditions (13), (14). 
(1) Set 

l 
hi 2K, 


Then for 0< h- 
L, || 


In fact, applying (57) to ¢=1, we see that 


2o"* (x,y) ==Ir"*(z,y) =0, 


so that /, can be written in the form (73) with 


' rh y; t-sh). (rs (r,s), By 


implies (74 


where P,,=(z 
of (61 

(2) Let /, denote the operator (71) with 
There exists a continuous function (2,y) defi 


2 and positive constants h,, C such that for 0 


‘ 
, (66), condition (72 


maxzP(r,y) __, 
: <C. 


ming J, [6 (2,y)] 
In fact, assume (without loss of generality 
2 is contained in the domain 0<z<d, and ¢s 
=e", u>0. By (63’), (68’) we have that 


sPR, wemh 


— Ave” 


1,[@(2,y)] >a(a,y) we" 
2A2PK, Kaye“) 


If we first choose a fixed u» such that 


wu ming a(z,y)—pA° 


we can determine a fh, such that for h< hy,/,[¥(z,y)] 
Then (75) holds with C 

Using these two remarks and assuming tha‘ 
h<min (hy,f2), all considerations of sections 3 to | 
can be repeated with only minor and obvious mod 
fications. Inequality (16) holds with the C deter- 
mined above, and (31). This imequalit 
implies the uniqueness and existence of a solution o 
P,. This solution can be computed effectively | 
the method of section 5, and its deviation from th 
solution of P can be estimated as in section 5, using 
inequalities (63), (68). 

We note that the case in which eq (1) is approy- 
imated not by (2) but by a more sophisticate 
difference equation is included in the preceding 
discussion. 


Ze". 


sO does 


Los ANGELEs, October 9, 1952. 





xesearcn ray ? 


stermination of Glucose by Means of Sodium Chlorite 
Herbert F. Launer,' William K. Wilson, and Joseph H. Flynn 


The oxidation of several aldoses with acid sodium chlorite 
determination 


order to obtain a method for the 
polymers 

The kinetics of the 
mental ranges 3.4 to 4.4 pH, 30 
0.0016-M aldose, 
iodometric titration and by 
oxidation was found to be 
acid 
tion of chlorous acid 


to 65 


approximately 


oxidation of glucose and cellobiose were studied over the 
C, 0.005- to 0.15-M sodium chlorite, 
both by the determination of the 
the photometric measurement of ClO 
first 
The measurement of the oxidation was complicated by the second-order decomposi- 
rhis decomposition was corrected for by a calibration curve and an 
approximate formula derived from the reaction kinetics 


solution Was investigated ir 


of aldehyde groups in sugars and their 
experi 
and 0.00006- to 
concentration by 
formed rhe rate of 


to aldose and chlorous 


change in chlorite 


order with respect 


Use of either of these corrections 


gave experimental values for glucose within a few percent of the theoretical value 
Melibiose, maltose, and lactose were oxidized at about the same rate as glucose and 


cellobiose 


experimental conditions used 


I. Introduction 


During a study of the photochemical degradation 
pers it was desired to measure small changes in 
onal group content, such as aldehyde and car- 

resulting from irradiation 
ious methods that have been proposed for the 
mation of aldehyde in cellulose are the hypoiodite 
od {1, 2,3, 4, 5, 6, 7),? the dye absorption method 
of Geiger and Wissler [8], the acid permanganate 
vethod of Hiller and Pacsu |9], modifications of the 
ini reaction by Frampton et al. [10] and Yundt 
ind the mercaptalation method of Wolfrom and 
oworkers [12]. Isbell [13] has used the Kiliani 
eaction in connection with radioactive tracer tech- 
‘iques to determine the reducing end groups in 
The hydroxylamine method of Gladding 

d Purves determines total carbonyl [14]. 

\lost of the above methods use an alkaline medium 
are not sensitive enough for many purposes. It 
shown that oxidized celluloses may be 
extensively changed in alkaline media [15, 16, 17, 
|. In the permanganate method of Hiller and 
Pacsu, an acidic medium is employed, but this 
hod had been severely criticized by Meller [19] 
Husemann [20]. Attempts in the Bureau’s 
Section to obtain quantitative oxidation of 
simple sugars, using the permanganate 
«i, were not satisfactory. For example, glu- 
cellobiose, galactose, and arabinose were oxi- 
10, 11, 12, and 24 percent, respectively, calcu- 

from the KMnO, reduced. 
orite in acid solution as a reagent for the 
nation of aldehyde in cellulose was suggested 
work of Jeanes and Isbell [21], who reported 
he aldehyde in sugars is oxidized by acid chlo- 
lutions at room temperature to carboxyl with 
ttle side reaction. Ketoses, polyhydroxy 
s, and aldonic acids were attacked only after 


vidress: Western Regional Research Laboratory, U. 8. Department 
re, Albany, Calif. 
brackets indicate the literature references at the end of this paper. 


ieXtrans 


has been 


Nonreducing sugars and sugar acids were not appreciably oxidized under the 


many days’ treatment with chlorite solutions. The 
oxidation rates increased with a decrease in pH, 
thus indicating that chlorous acid was the oxidant. 
These workers that the main reaction 
corresponded approximately to the equation 


suggested 


RCHO+3HCIO,~RCOCH +-2Cl0, + HCI+- H.O. (1) 


They showed that the study of the reaction system 
was complicated by the spontaneous decomposition 
of chlorites in acid solution and that chlorine dioxide 
reacts slowly or not at all with aldoses 

The present paper deals with the stoichiometry 
and kinetics of the reaction of chlorite with glucose 
and, to a lesser extent, cellobiose. Some data on 
melibiose, maltose, and lactose are also given. This 
work was undertaken preliminary to a study of the 
determination of the aldehyde content of cellulose 


2. Chemistry and Kinetics of Decomposition 


of Acidic Chlorite Solutions 


The chemistry of chlorite has been investigated 
by Holst [22], Taylor, et al. [23, 24], Jeanes and Isbell 
[21], and Barnett [25]. Chlorites are most useful as 
oxidants in acid solution, but a study of the kinetics 
of the reactions is complicated by the instability of 
chlorous acid. The decomposition of chlorous acid is 
a function of pH, temperature, concentration, ionic 
strength, and impurities that may act as catalysts 

The net equation for the decomposition (or dis- 
mutation) of chlorous acid has been shown by Bar- 
nett [25] and confirmed by Taylor et al. [23] to con- 
form approximately to the equation 


4HCIO,—2C10,+ HCIO, + HC1+ H,0. (2) 


Barnett [25] has shown that the decomposition is 
second order, and this was confirmed in the present 
investigation, using the differential method. 

Figure 1 is a plot of decomposition versus time of 
a 0.005 M solution of sodium chlorite at a pH of 3.52 
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FIGURE Decomposition of chlorous 


0.005-M sodium chlorite buffered to pH 3.52 at 40° 
and an ionic strength of 0.10. The chlorite concen- 
tration was determined by iodometric titration. A 
plot of the logarithm of the rate of decomposition 
against the logarithm of the chlorite concentration 
(fig. 2) gives a straight line with a slope of 2.3, the 
latter indicating the order of the decomposition with 
respect to chlorite. 

The rate expression for the decomposition of acid 
chlorite solutions at constant pH may be written 


dC , 2 
— ke "s (3) 
where C is the chlorite concentration at any time ¢, 
If chlorous acid is the active substance in the de- 
composition of acid chlorite solutions, eq (3) may be 
modified by expressing the concentration of chlorous 
acid in terms of [H*], C, and Ayeio,, the dissociation 
constant of chlorous acid. From the equation for 
the dissociation of chlorous acid, HCIO.—ClO; + H*, 
it follows that 
IH*|C 


5 hc 
[H+] | Ku 10, 


(HCIO,) 

Then 
=e k ph?C?, (4) 
where kp is the rate constant for the decomposition. 
Values of kp were obtained by plotting 1/C against ¢ 
in the decomposition experiments. The average of 
the values obtained was 0.67+0.05 liter mole™! 
sec * These data were obtained at chlorite concen- 
trations of 0.005 and 0.01 millimolar, a temperature 
of 40° C, and pH values of 3.40, 3.52, 3.70, and 4.00. 
The initial concentration of chlorite was obtained by 
extrapolating the plot of 1/C against ¢ to zero. This 
was necessary because of an immediate reaction upon 
addition of chlorite to the acid reaction system, 
presumably with impurities in the reagents. This 
“initial decomposition,” averaging about 1.5 percent 








-30 -85 -80 -75 
LOG C 


Order of decomposition of HCl ), by the diff 
method. 


rite buffered to pH 3.52 at 40° ¢ 


FIGURE 2. 
0.005-M sodiur 


of the total chlorite, may be reduced considerably 
recry stallizing the sodium chlorite and sodium a 
tate, the latter a component of the buffer system 

As indicated by eq (1) and (2), acids are produ 
in the decomposition of chlorous acid and in oxi 
tion of aldose by chlorous acid. Therefore, it is nv 
essary to keep the solutions well buffered to minim 
changes in acidity with time. Barnett showed, ir 
comparison of rates, that it is also necessary to ki 
the ionic strength essentially constant. 

Buffer systems consisting of sodium acetate a 
acetic acid were prepared that effectively cove: 
the range of hydrogen-ion concentration used in th 
study. Buffer data are given in table 1. The ior 
strength was kept constant, and the composition 
the buffers, to give the desired pH, was calculat 
from the Debye-Huckel form of the mass-act 
equation [26]. These buffers had sufficient capac 
to prevent changes in acidity great enough to 
measured with a pH meter. 


TABLE 1 Sodium acetate-acetic acid bu fle rs 


Glacial acetic acid per liter of 
solution * to obtain the fol 
lowing pH values * 


rempera 
ture 


pH=3.40 pH=3.52 pH =3.70 


q U 
418.6 
453.4 218. 2 


*All buffers contained 55.0 g of reagent-quality sodium acetate 
3H,0 per liter 

+The pH values apply after the buffers have been diluted 1:4 by 
the analytical mixtures 


Ferric ion, found in traces in most reagents, ca! 
lyzes the decomposition of chlorous acid. As lit! 
as 0.005 mg of iron as ferric ion caused considera! 
decomposition of chlorite solutions. The addition 
a small quantity of sodium oxalate to complex |! 
iron was found to lower kp, the rate constant for | 
decomposition, to 0.55 liter mole! see at 40° C 
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ym oxalate was used in all the determinations 
urs by the iodometric titration except for the 
n table 4. It was not used in the determina- 
n which chlorine dioxide was measured pho- 
ically, since sodium oxalate appeared to react 
light extent with ClO, under the conditions of 
‘ xperiments, 


Kinetics of the Reaction of Glucose and 


‘ellobiose With Acid Chlorite Solutions 


e quantity of aldose oxidized may be estimated 
ometrically from the chlorine dioxide produced 
lometrically from the chlorite reacted. 


Studies Based on the Iodometric Determina- 
tion of Chlorite 


\s the ClO, formed in the decomposition of chlo- 
; acid and in the oxidation of aldose interferes with 
odometric determination of chlorite, it must be 
oved by aeration before titrating. 

‘re is considerable decomposition of HClO, 
ng the oxidation of sugars such as glucose and 
Hence it is necessary to run ‘controls’ 

with the “test solutions.”” The control solu- 

is identical in compositions with a test solution, 

pt for aldose. In a rate experiment the control 

e is subtracted from the test solution curve to 

tain the net curve, the latter representing the 

pproximate amount of chlorite consumed in the 
oxidation of aldose. 

Data for the oxidation of glucose and cellobiose are 
plotted in figures 3 and 4, respectively. Figure 5 is 
a semilog plot of percent chlorite remaining against 
time for an experiment with a sevenfold excess of 
glucose. This plot indicates a first-order reaction 
with respect: to chlorite up to about 50-percent con- 
sumption of chlorite. 

Figures 6 and 7 are semilog plots of unoxidized 
glucose and cellobiose (in percent) against time in the 

esence of excess chlorite. The data for these plots 

the same as used for figures 3 and 4. The straight 
lines obtained indicate that the reactions were first 
order with respect to glucose and cellobiose. 

The percentage of aldose at any time ¢t was deter- 

ned from the curves in figures 3 and 4 by assuming 
that the maximum of the net (test solution minus 
ontrol) curves represented complete oxidation. 

lt is now possible to write a rate expression for the 
lation of aldose at a constant pH in terms of 

rite reacted as 


piose. 


dC 
~ at 


kAC, 


re A is the concentration of aldose and C the 
entration of chlorite at any time ¢. Assuming 

| chlorous acid is the oxidant, the rate expression 
be written by analogy with eq (4), as 


dC 


sr k,hAC 








Figure 3. Oxidation of glucose with chlorous 
5 millimolar glucose in 0.005-M sodium chlorite buffered to pH 3.52 
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Figure 4. Oxidation of cellobiose with chlorous acid. 


5 millimolar cellobiose in 0.005-M sodium chlorite buffered to pH 3.52 
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deter- 
integration 


Figure 5. 
mination of order 


Reaction of excess glucose with chlorous acid 
with respect to chlorite by the 


method 


0.005-M sodium chlorite buffered to pH 3.52 at 40° ¢ 0.0125-M glucose 
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with excess 
respect lo glucose 


or gluc Ost 


with 


Reaction of 0.01 millimole 


determination of orde 


Fieure 6. 
chlorous acid 
hy the integration method 


0.005-M sodium chlorite buffered to pH 3.52 at 40 


The complete equation for the consumption of 
chlorite in a solution containing aldose may now be 
written 
dC : ” - 
k hAC+kph?C’. (7) 
dt 
It is possible to calculate approximate values for 
ke With a large excess of chlorite, the average 
value of the chlorite concentration is taken as a 
constant. Therefore the rate equation becomes 


_da 


dt k hAC, 


and integrating: 


+const. (9) 


k,he t 
2.303 


log A= 


If log A is plotted against t, then the slope m of the 
line is —k,hC/2.0303 and 


— 2.303m 


b= 


(10) 
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Figure 7 Reaction of 0.01 millimole of cellobiose with chlo 
acid; determination of order with respect to cellobiose by 
integration method. 


0.005-M sodium chlorite buffered to pH 3.52 at 40° ¢ 


0.000030: 
> and 


Using values of 0.0042 .\/ for C and 
for m from figure 6, and calculating A at 40° ¢ 
PH of 3.52 as 0.026,° k, =0.64 liter mole! sec 

Similarly, with a large excess of glucose, A 
essentially constant, and 


2.303m 


ka=——T74 


using values of 0.026 for A. 0.012 
and 0.000167 


From figure 7, 
M for glucose concentration 
k,=1.23 liters mole sec. 

It must be emphasized that this approach leas 
much to be desired, and it is not surprising that thy 
values for ka do not show better agreement, Pos- 
sible side reactions that are relatively unimporta! 
when the chlorite is in excess may become important 
when the aldose is in excess, or vice versa. TT! 
combination of decomposition of chlorite and cot 
sumption of chlorite by aldose represents a decreas 
in chlorite concentration to about 70 percent of t! 
initial value, and it is the average of this rather larg: 
change in chlorite concentration that is treated as 4 
constant in eq (10). 

The value of C in the control is always higher tha! 
the value of C in the test solution, as chlorite is con- 
sumed in the oxidation of aldose in the latter so! tion 
Therefore, the decomposition of chlorite in the cov- 


m= 


+ The value of Kacio, used in calculating 4 was calculated from the work 
Barnett [25] as 0.0107 at 50° C and 0.0113 at 40° C at an ionic strength N 
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wavs greater than in the test solution. and 
subtraction of curves, as in figures 3 and 4. 
isan overcorrection for decomposition. 
pproach to this problem is to prepare a eali- 
curve for each aldose, relating millimoles of 
consumed bv the aldose (control minus test 
to millimoles of aldose. This procedure 
tically takes into account (1) the fact that 
t stoichiometric equations for the oxidation 
se bv chlorous acid are unknown, (2) the fact 
ow” and “fast” aldoses require slightly dif- 
juantities of chlorous acid for oxidation, and 
difference in amount of spontaneous decom- 
in the control and in the oxidation. 
data for the calibration curve for glucose. 
Ss, are given in table 2 Table 3 contains data 
the accuracy with which glucose can be 
ned by using the calibration curve. 


LIMOLES 


CONSUMED 


CHLORITE 
PER LITER OF SOLUTION, MIL 


Data for q 











025 050 075 10¢ 
GLUCOSE, MILLIMOLES PER LITER 


Fi . Calibration curv 


Assuming the stoichiometry of eq (1), the aldose 
concentration in the test solution (4,) at any instant 
is given by 


D 12) 


where Ay is the initial aldose concentration, C, is the 
initial chlorite concentration, Cy, the chlorite con- 
centration in the test solution at time ¢, and J),, the 
ehange in concentration of chlorite in the test solu- 
tion due to decomposition dD, cannot be measured 
directly. If C, is the concentration of chlorite in 
the control solution at time t, then eq (4) may be 
integrated to obtain 


kyh?C.C 2. 13) 


Over any small time increment Af, the change in 
concentration of chlorite in the test solution due to 
decomposition, AD,, is approximately given from 


ps other approach to the problem of difference in eq (4) by 


nt of decomposition in the control and in the 
tion is to assume that eq (1) correctly repre- 
the stoichiometry of the reaction of chlorous 
th “slow”? sugars and derive an analytical = 
ssion that one can use for calculating glucose. where C, is an average value of the chlorite concen- 
nvolves the integration of eq (7). tration in the test solution over the time interval. If 
rential equations describing systems of simul- it is assumed that eq (14) may be applied over the 
is reactions of higher than first-order reaction time interval At=¢, and that C? may be represented 
s are not in general integrable in a closed by the geometric mean. then 
|. Therefore, an exact analytical expres- 
the aldose concentration as a function of the Doak ph? CyCyt. (15) 
stants, chlorite concentration, and time, can- 
obtained. However. an expression relating Division of eq (15) by eq (13) leads to the relation 
se concentration to the concentrations of : 
n the test and control solutions can be Dem(C,—C,) 72 (16) 
certain approximations are made. 


AD pw k ph?Ci At, 14) 
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which expresses the decomposition in the test solution 
in terms of chlorite concentrations 

When the aldose oxidation is essentially complete, 
A,=0; so substituting the expression for D, from 
eq (16) into eq (12) and solving for A 


(17) 


If titration volumes are substituted for concen- 


trations, 


. VIN V7 . 
\Millimoles of aldose 19 ( |1— \" ), (18) 


- c 


where Vy, Vy, and V, are the milliliters of the thio- 
sulfate of normality V equivalent to the chlorite in 
the control initially, in the test solution at the com- 
pletion of the reaction, and in the control at the 
completion of the reaction, respectively 

Equation (18) was tested by substituting the data 
from rate experiments; the results are given in table 
4. Considering the assumptions made in deriving 
the equation, the small quantities of sugar determined 
and the range of experimental conditions, the results 
are quite acceptable. Although eq (18) cannot be 


Taried inalytical results for glucose and cellobiose calculated 


from eq 18 


Tine 
for com 
pletion 


Experi pH rem NaClo Gilu Error 


ment perature cose * 


* NBS Standard sampk The weighed amount was large enough to permit 
s weighing accuracy of 0.1 percent, and aliquot portions were taken from the 
solutions made therefrom The other sugars were kindly furnished by H. 8 
Isbell 

>» Experiments with 
More than one oxidatior 

Incomplete. 

4 The curves for 9 and 18 were still rising 
obviously incomplete 

« Cellobiose 

‘ Curves were rising slightly at 


same numbers but different letters had same V, values. 


run with one control 
and the 


rapidly oxidation was 


14 he 


‘A similar derivation leading to this expression was given by Herbert F. 
Launer and Yoshio Tomimatsu in a paper presented before the Carbohydrate 
Division of the American Chemical Society in Chicago, September 8, 1953. This 
has been submitted for publication in Analytical Chemistry as a contributiou 
from Western Regiona! Research Laboratory, U. 8. Department of Agriculture. 


considered as accurate as a calibration cury 
extremely useful in that it can be used over » wi) 
range of experimental conditions, while a cali) 
curve applies only to the set of experimental] con, 
tions for which it was determined. 


3.2. Studies Based on the Photometric Determing 
tion of Chlorine Dioxide 


From eq (1) it is apparent that aldoses may als 
be determined by measuring the concentration , 
the colored gas, ClO., photometrically when cle, 
solutions are available. As in the iodometric metho, 
the amount of aldose oxidized can be determin, 
either from a calibration curve or from an analvt; 
expression in which the quantities in eq (17 
expressed in terms of chlorine doxide. 

2A, (ClO.), 


(ClO,), (C10:) p 


Cr=C,— 1.5(ClO.), —2(C10.) p 


C.=C,—2(ClO.),, 
wherein (ClO,), is the chlorine-dioxide concentratio 
arising from the oxidation of the aldose, and (CIO, 
is that resulting from chlorous-acid decompositio: 
(ClO.), and (ClO,). are final concentrations in ¢! 
test solution with aldose, and in the control solutic 
without aldose, respectively, and are experimental 
measurable, whereas those with subscripts A and / 
are not measurable and must be eliminated alge. 
braically. 

By combining eq (17), (19), (20), and (21 
expression for aldose in terms of chlorine dioxide a 
initial chlorite, in moles per liter, is obtained: 


1 © (C10,)7-—(CIO.), 
oe 2L G—1.5(Cl0.). J 


Inasmuch as (ClO,), is small relative to Cy, eq (22 
is insensitive to Cy values. 

The concentration of ClO, evolved in the test a 
control solutions was determined by measuring |! 
transmission of light of 436-my wavelength® throug! 
glass-stoppered transmission cells with optically fi 
windows in which the reactions took place. 

The simple abridged spectrophotometer previous 
described [28] was used in a modified form. T! 
ranges of temperature, pH, and concentrations 
chlorite and aldose used are given in table 5. Sodiun- 
chlorite solution was added last to buffered solutions 
with or without aldose in volumetric flasks. 4 
portion was then transferred by pressure through | 
drawn-out delivery tube to the transmission ce! 
and another portion was analyzed iodometrically fo 
initial chlorite concentration, Cy). The mixing 
transferring could be done with only small loss 0! 
ClO, by working at temperatures considerably belo 


' Obtained by use of a G. E. model H1 mercury-vapor lamp, using ‘ 
filters 3389 and 5113 and an infrared filter 
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tion temperatures. The filled cell was then 
, a constant-temperature water bath; it was 
iat the solution inside the cell attained the 
ture of the bath in approximately 3 min. 


mination of glucose and cellobiose, using the 


Deter 


photome tric method 


Initial concer 
trations of C10». produced 


Aldose 
caleu 
lated 


from 


ren Time 
pera for com 


ture pletion in cos 


trol so 


lution 


1 (22 


NaClo 


if tho 


rmine 
' Vili id age of 
Liv ty moles 


- vin liter 
‘ 


Percent 


amount 
added 
92.0 

WY 

95, 2 


ei ¥ 5. 22 5 VHS 


Lratio 
ClO 

SI C101 
in tl 
slutio 
prital 
and / 


ilues within the range 90.0 to 110.0" 


ll values 


buffers were used throughout 

ies in parentheses refer to experiments 0 © be incomplete and 
luded in the means 

ction for chlorine dioxide raise the means by 
text 


decom position would 


ng wl Transmittance values were converted into con- 
hrough Hirentrations by the use of Beer's law: 
lly fi 
; . — Tro - 
yous ( iQ, ¢ moles per liter 0.00853 log a (23) 
Tl solution 
ons . 
rdium- le constant was calculated for a 10.00-mm cell 
lutions Mtiickness at a temperature of 65.0° C. At 25.0° C 


the constant was 0.00873, a difference of about 2 
percent, allowing fairly accurate interpolation when 
Chlorine dioxide was found to follow 
with a standard deviation of individual 
values of 0.31 pereent over the range of interest, 
Y).000 to 0.0089 M. This was determined by 
ng transmissions of fresh solutions of ClO, at 
oncentrations in buffer solution. ClO, was 
d by adding warm 6-N sulfuric acid to 0.7-M 
chlorite and washed by passing the gas 


equ red 


) | 
eers law, 


meas 


know | 


through several portions of water. ClO, concentra- 
tions were determined iodometrically. 

If desired, the analyst can measure the transmit- 
tance of the test cell in terms of that of the control 
cell by setting the transmittance scale to 100 percent 
when the control cell is in the beam. This gives 
the transmittancy of the difference in ClO. concen- 
trations. Equations (22) and (23) may be combined 
to vive 


0 
A, - : 4) 
1.5(C10,), 24 


log 
og 


- 
i 


0.00427 | 


The value for (ClO.). must then be determined 
separately with eq (23), but the requirements for 
its accuracy are much less than for the ratio 7,/7’.. 

Equation (22) was tested under experimental 
conditions that varied with respect to pH, tempera- 
ture, and concentrations of reactants and products. 
The ClO, concentrations were taken from time- 
concentration curves at points indicating completion 
of reaction, excepting experiments 1, 2, 3, and 5 in 
table 5, which were discontinued before the curves 
had reached a maximum aldose value. 

Although the aldose values calculated from eq 
(22), presented in table 5, show considerable varia- 
tion, much more than that of aldose values de- 
termined by the volumetric technique, the mean 
values by the two techniques are in essential agree- 
ment and thus appear to confirm eq (1) with respect 
to the ratio 1 aldose:2ClO,. The variations do not 
appear to be inherently greater in the photometric 
than in the volumetric method. They probably 
arise from the fact that in the photometric work, 
results were taken from time-concentration curves, 
each representing one reaction mixture, and thus, 
any rate discrepancy affected the entire curve. In 
the volumetric method, however, each point repre- 
sented a separate reaction mixture and individual 
rate errors tended to be averaged out by the drawing 
of a smooth curve through the points. The same 
result was, of course, achieved in the photometric 
method by averaging the values from the individual 
experiments of table 5. 

The aldose values of table 5 (column 9) tend to be 
low because of ClO, decomposition, shown by Bray 
[29] to occur in aqueous solution. This was con- 
firmed photometrically for the present experimental 
conditions. Using the time-concentration curves 
shown in figure 9, it is possible to correct the ClO, 
values of table 5 for decomposition, raising the 
aldose values by an average of 1.0 percent These 
corrections are maximum at high temperature and 
acidity and low aldose. 

A factor that- tends to limit the sensitivity of the 
photometric technique is the occurrence of the “‘ini- 
tial immediate decomposition” of the reagent. This 
effect, which was discussed previously, occurs when- 
ever the chlorite solution is added to the acidic 
buffer, as seen from the immediate development of 
yellow color. The amount of ClO, thus produced, 
before the decomposition or oxidation occurred to 
an appreciable extent, averaged 0.20 millimole/liter, 
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MILLIMOLES PER LITER 
° 
3 


DECREASE IN CLOp CONCENTRATION, 








10 
TIME, HOURS 





1uRE O composition of ClO conditions 


tate buffer) 0° ¢ nit tion for (curve 
B) 0.53 millimole per liter. Re 1s carried out in 
sonadened of 

and appeared to be due to reaction of the reagent 
with impurities. Its value was taken in each experi- 
ment as the zero-time intercept of the decomposition 
curves and was thus accounted for in the ClO, values 
of table 5. Application of the photometric tech- 
nique to very low aldose quantities would require 
the careful control or evaluation of this factor 


4. Determination of Melibiose, Maltose, and 
Lactose 


\Melibiose, maltose, and lactose oxidized at 
about the same rate as glucose and cellobiose. Table 
6 contains some analytical data on these sugars, 
using the iodometric method. These data are prob- 
ably typical of the accuracy one could expect in the 
determination of small quantities of any particular 
sugar by this method without further standardiza- 
tion of conditions for it The curves for lactose and 
maltose were quite smooth, but the data for meli- 


ure 


biose were verv erratic 

Results obtained with calcium lactobionate shown 
in table 7 suggest that lactose is hydrolyzed to a 
slight extent 


Diete mination @ of " fase actose and melibhiose 


Prarie 6 


Melibiose 


Equat 


Glucose calibration 
Net curve 


solution 


control tr 


* Reactions were carried out in liter wash bottles and 25ml aliquots taken at 
intervals. 0.25 millimole aldose per liter, 0.005-M NaClOs, pH <3.42, (= 40° C 
» Data too erratic to warrant calculatior 


5. Action of Chlorous Acid in Nonred» 
Sugars and Sugar Acids 


Information on the action of chlorous a 
nonreducing sugars, sugar acids, salts, and |; 
is given in table 7 

The data, in agreement with the work of 
and Isbell [21], indicate that these compow 
oxidized little or not at all for the experi 
conditions indicated 


with 


sugar acids, sugar acids, raffinose and sucrose 


TABLE Reaction of chlorous acid lactones 


0.005-M NaClO», pH LA, ¢= 40 


M illimoles 


per liter 


Rhamnomic lactone 
Do 

Mannonic lactone 

Calcium lactobior 

Calcium melibionate 

Gluconic acid 

Raffinose 

Sucrose 


I> 


6. Recommended Procedure for Volumetric 


Method 


The procedure recommended below is 
As indicated by the range of conditions in table 4, oy 
may use many different combinations of values 
the pH, time, dilution, concentrations of aldose a 
temperature, etc., to satisfy partic 


spe 


chlorous acid, 
requirements 
This procedure was not applied to the photome: 
method. Higher chlorite concentrations may 
used in that method to decrease the time for « 
pletion of the reaction as it does not depend upon | 
measurement of the change in chlorite concentrat 
The shorter reaction time is preferable in the pho 
metric determination as it minimizes error int 
duced by the decomposition of chlorine dioxid 
Experimental conditions 
Temperature 10° +0.1 
pH 3.52 
Chlorite concentration 5.0 millin 


Aldose Not more 
0.50 mi 


Sodium oxalate 125 mg/liter 
Total volume 10 ml 


Composition of test solution 
Buffer ° 
Sodium chlorite, 0.04 M 
Water and aldose solution to make a total 
volume of 


10 ml 
5 ml 


40 mil 


10 ml 
10 ml 
5 ml 
25 mil 


Composition of control 
Buffer ° 
Sodium chlorite, 0.04 M 
Water 

Glass-stoppered flasks of 250-ml capacity are recon 
The sodium chlorite solution is added last, and immedia 
thereafter the flask is placed in the constant-tempera 
bath. At the proper time the flask is removed fron 


* The buffer composition is given in table 1. The sodium ovalat 
the buffer solution 


244 





wit! 


1 a short piece of tubing with a standard taper [10] V. L. Frampton, L. P. Foley, L. L. Smith and J. G 
ntv-five to 50 ml of water is added and one or Malone, Anal. Chem. 23, 1244 (1951 
rs, made by drawing about S-mm tubing to about fil) \ P Yundt, Tappi 34, Q5 195] 
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Research of the Nat 


Description and Analysis of the First Spectrum of 
Chromium, Cr! 


Carl C. Kiess 


Wavelengths and estimated intensities are presented for about 4,400 lines of Cr1 
recorded photographically between 11610 A in the infrared and 1880 A in the ultraviolet 
Zeeman patterns, measured in magnetic fields of 35000 and 85000 oersteds for approximately 
10 percent of the lines, are presented also \nalysis of the spectrum with these observational 
data has vielded classifications for about 80 percent of the Cr lines, as combinations among 
the terms that arise from the various configurations assumed by the valence electrons of the 
atom in its excited and unexcited states Of these terms 53 have been found due to the 
even electron configurations 3d 3d* ns‘, 3d®, and 3d° nd; and 115 due to the odd configura- 
tions 3d° np and 3d‘ 4s np Among both even and odd terms several series of two or more 
members have been found converging to the ground state a °S and to the metastable state 


ns 


a®*D of Crm. 


The ’S S, and ?P of three or 


series 


more members, that converge to a°S are in 


remarkable accord in fixing the separation of the ground states of the neutral and singly 


ionized Cr atoms as 
electron volts, 


54570 em 


Introduction 


description and analysis of the first spectrum 
ymium presented in this paper represent results 
iulated at the National Bureau of Standards 
. period of more than 35 vears. The work was 


yun in the summer of 1917 when, in the Spec- 
vscopy Laboratory of this Bureau, a program was 
tiated of making prolonged exposures to the red 


infrared spectra of several elements in order to 
the photosensitizing properties of various dyes, 

ly dievanin and dieyanin A. Among the ele- 

is studied was chromium, for which K. W 
ssner [1],' using photographic procedures, had 
ted some infrared lines. The new observations, 
eported by Kiess and Meggers [2], not only 
ed the results of Meissner and of Stiiting [3] 
also extended our knowledge of the emission 
trum of chromium out to 9734 A and confirmed 
radiometric measurements of Randall and Barker 
the region common to the two investigations. 
lirst series regularities in the chromium spec- 

m were pointed out by Richter [5], who showed 
pairs of lines observed by him and by Miller [6] 
have sumilar Zeeman patterns, are members of the 
) prominent triplets in the blue and violet. Kiess 
\eggers [2] stated that the two intense triplets 
the red and infrared, one with wide and the other 
ih harrow separations, are mirror images of similar 
plets in the blue and green. These first findings 
to stimulate several investigators to search 
widitional regularities in the spectrum, and in 
22, announcements of new results were made inde- 
wndently and almost simultaneously from three 
ihoratories. In his work describing the multiplet 
of the manganese spectra, Catalan [7] 
(that similar structures had been discovered in 
spectrum of chromium, and he gave some ex- 


ructure 


brackets indicate literature references at the end of this paper 


This corresponds to an ionization potential of 6.764 


amples. These and other complex of 
chromium lines, together with their Zeeman patterns, 
were described at the same time by Frl. Gieseler [8], 
who sought to interpret the chromium regularities 
found by Paschen, but among which he could not 
detect series relationships. Such relationships were 
first published by C. C. and H. K. Kiess [9] in their 
note describing the first members of the principal, 
sharp, and diffuse series of wide and narrow triplets 

With the key to the structure of spectra in hand, 
various investigators soon worked out the classifica- 
tion of the outstanding lines of chromium. Follow- 
ing his preliminary announcement Catalan [10], in 
two brief notes, gave some additional multiplets and 
series from which he derived an ionization potential 
of 6.7 v for the neutral atom. These and other 
results, including a list of all known classified lines 
with term designations, he published in a more 
extended paper [11] In the following vear, Fri. 
Gieseler [12] published an analysis of the spectrum 
with her interpretations of it as derived from Zeeman 
patterns measured at Tiibingen. In the meantime, 
similar investigations, made at the National Bureau 
of Standards for the purpose of testing the spectro- 
scopic displacement and alternation laws of Kossel 
and Sommerfeld, led to the discovery and announce- 
ment by Meggers, Kiess, and Walters [13], of the 
first multiplets in the spectrum of singly tonized 
chromium. Contributing factors to the success of 
these investigations were temperature classifications 
by King [14]; Zeeman effects by Purvis [15], Miller 
[16], Hartman [17], Babcock [18], and Richter {19}; 
absorption observations by King [20], Gieseler and 
Grotrian [21], and Zumstein [22]; and under-water 
spark observations by Hulburt [23], and by Smith 
and Muskat [24]. 

The results that had been obtained up to 1925 for 
Cr1and Cr u showed that their prominent classiiied 
lines result from transitions among septet and quintet 
terms and sextet and quartet terms, respectively. 


groups 
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However, the quantum theory of atomic spectra also 
required triplets and singlets for Cri and doublets 
for Cru. Continued work at the National Bureau 
of Standards brought some of these expected terms 
to light. They were presented, by the writer [25], 
in lists of all known terms, intended primarily for 
the use of astrophysicists interested in the spectra of 
the sun and stars. In 1931 Catalan and Sancho [26] 
published a revised list of more than 700 classified 
lines originating in transitions among all known 
levels of the septet, quintet, and triplet systems. In 
deriving a new value of 6.74 v for the ionization 
potential of neutral chromium, they made use of all 
terms having as a common limit the ground state 
a°*Sof Cru. When new types of plates sentitive to 
infrared rays became available, a new survey was 
made, at the National Bureau of Standards, of the 
chromium are spectrum out to the limit accessible 
to photography The result was an extended list of 
lines that brought to light new terms, especially of 
These were published in 1935 


the triplet system 
7) 


27 

The difficulty of extracting new terms from the 
available wavelength data emphasized the need for 
a more homogeneous description of the spectra 
emitted by ares and sparks between chromium elec- 
trodes. Accordingly, a new set of spectrograms of 
both Cri and Cru was secured at the NBS 
Spectroscopy Laboratory From them were de- 
rived new wavelengths and intensity estimates, 
which, with similar data from observations made 
elsewhere, form the basis for the analysis of Cr1 
presented in this paper. The same observations 
served for the deseription and analysis of Crim 
published recently [28] 


2. Experimental Procedure 


It is not necessary to repeat here the details of 
the experimental work done for this investigation. 
These are recorded in the two papers just cited, 
{27, 28] Mention should be made, however, that 


some spectrograms of the arc operating in an ; 
phere of nitrogen were obtained. For this p 

a stream of commercial nitrogen was kept fh 
at pressures between 600 and 700 mm He, tl 
the chamber of the enclosed are in order to sy 
the CrO bands that appear as outstanding f 

of the vellow, red, and near-infrared regions 
spectrum. These bands mask almost com; 
all but the strongest lines of the atomic sp 

in this region. With their disappearance fro) 
spectrograms, many new lines were revealed 
have greatly extended the analysis of Cri 
effectiveness of the above procedure in elimin: 
the bands from the spectrum is illustrated by figur 
In measuring the spectrograms settings were 
also on the band-heads given in table 6 to determ 
their wavelengths accurately for the use of mole: 
spectroscopists and astrophysicists. 


3. Results 


3.1. Wavelengths and intensities 


The new observational data presented in t| 
paper are the wavelengths and estimated intensit 
in the first two columns of table 1, the Zeem 
patterns in tables 2 and 3, and the band-heads 
table 6. The wavelengths are mean values fro 
measurements on 2 to 8 spectrograms made at 
National Bureau of Standards, at the Mt. Wils 
Observatory, and at Princeton University, as 
scribed in the previous paper. All lines measur 
on only one plate have been omitted from the tal 
unless their reality has been established by te: 
combinations. For most of the lines the wavelengths 
are given to only 2 decimal places; but for some li 
measured more than 4 times, the individual measu 
ments were highly accordant, so that it seen 
desirable to retain the third decimal place in 
mean. All the wavelengths longer than 1988 
are air values; those less than this wavelength : 
vacuum values derived from the  Princet 
spectrograms 


Suppression of CrO bands 


»), Cr are in air; (ec), Cr are in nitrogen 
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+} 


He sthal 


nportance 


trength and character of the lines are indi- 
vy the numbers and letters in the second 
of table 1. Absence of a letter means that 
appears sharp and symmetrical. Deviations 
ese characteristics, such as doubling, blend- 
| dissvmmetries of shading, are indicated by 
er symbols adopted for this purpose by the 
tional Astronomical Union [29] The letter 
s that a Zeeman pattern, derived from NBS 
[' spectrograms, is recorded for the line in 
intensity estimates for the Cri lines were 
| the same manner as those for Cru, and the 
nts made in the earier paper are pertinent 
Available for comparison are the intensity 
s derived by A. S. King [30] from two series 
trograms of the chromium are-in-air. The 
published in 1915, extends from 6978 
) A. whereas the series made nearly 10 years 
overs the ultraviolet region 
\. Except for diffuse lines marked ‘‘n”’ o1 
his lists, all of King’s intensity numbers are 
than given in table 1. The factors 
ch King’s intensities are to be multiplied to 
those of table 1 are approximately as follows 


series, 


from 3575 


those 


tors for 


1915 1924 


series series 


mparison of the estimated intensities with thos 
mined photometrically Is not satisfactory nor is 


Both Frerichs [31] and Allen 
32] have published photometric meas- 
nts of Cri multiplets that show that the rela- 


ctly legitimate 


ntensities of the lines are in close accord with 


caleulated theoretically for LS-coupling. In 
nvestigations the measurements were made on 


emitted by an are in an enclosure in which the 
pressure Was greatly 


reduced to minimize the 
of self-reversal. All the multiplets studied in 
investigations contain lines that show self- 
al in the are-in-air. More recently Hill and 
33] have published gf-values for 430 absorp- 
nes of Cr tin multiplets that are of astrophysi- 
Their results also show satisfactory 
vent with theoretical relative intensities. For 


trongest lines of the spectrum, the estimated 


lies are in only qualitative agreement with 
otometric values. For the less intense lines, 
r, in which self-reversal is small or nonexistent, 


the quantitative relation, first pointed out by Russell 
[34], is found to hold, namely, that the estimated 
intensities are proportional to the square roots of the 
theoretical value. This finding is an illustration of 
the working of Fechner’s law of photometry with 
the eve 


3.2 Zeeman Effects 


The Zeeman patterns recorded for Cri lines in 
table 2 were derived from NBS and MIT spectro 
grams, described in the previous paper. The 
scheme of segregating these data in a separate table 
was adopted when it became evident that magnetic 
patterns were measured for about 10 percent of the 
lines. To include them with the classified lines is 
desirable, but to do so in this case would 
unduly the bulk of the tabulated data As in the 
paper on Cri, a dagger (+) indicates that the pat- 
tern was measured only on NBS plates; the letters 
A, B, C, and PD indicate the type of shading dis- 
plaved by unresolved patterns, Thus: A 
B ; C=A; D 

The g-values derived from the Zeeman patterns 
for energy levels of Cri recorded in tables 4 
and 5. Those given to two decimal places were de- 
rived from the NBS plates, whereas the three-place 
figures were derived from the MIT plates. For 
many of the lines, it was not possible to measure 
the magnetic patterns and derive the g’s of the com- 
bining levels. These lines originate in terms of the 
3d° 4s electron-configuration that have level separa- 
tions smaller than the splitting due to the magnetic 
field. The Zeeman patterns of such lines are badly 
distorted, because of Paschen-Back interaction, and 
in many cases they are overlaid by similar patterns 
of adjacent lines so that the task of untangling them 
seems almost hopeless Lines of Cri with distorted 
patterns that offer a prospect of future interpreta- 
tion are marked in table 2 with the svmbol P-B. 
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Ficure 2 Zeeman pattern 
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About twenty-five vears ago Sommerfeld [35] 
pointed out the intense, green triplet of Cri as an 
outstanding example of Paschen-Back interaction. 
The appearance of the pattern as produced in a 
field of 85,000 oersteds is illustrated by figure 2. 
The no-field lines are due to the transition a °S 

P°, which is a term combination of the same type 
as that producing the O1 triplet at 7771 to 7775 A, 
namely, 38°S°—3p*P. A detailed analysis of the 
O. Zeeman patterns and the procedure for deriving 
the g-values of the terms have been reported by Kiess 
and Shortley [36]. A similar analysis, applied to 
the Cri triplet, has vielded the g-values given in 
table 4 for the terms a °S and 2 °P \easurements 
of this pattern, at moderate field strengths, have 
been reported by Fri. Gieseler [37]. The structure 
of the pattern and its analysis, as derived from 
measurements of the MIT spectrograms, are given 
in table 3. 


3.3 Term Structure of Cr! 


The spectrum Crt, emitted by neutral chromium 
atoms, results from transitions among even terms 
of the configurations 3d° ns, 3d‘ ns*®, 3d° and 3d° nd 
and odd terms of the configurations 3d‘ 4s np and 
3d° np as given in tables 4 and 5. The assignment 
of terms to their proper electron configurations 1s 
quite obvious for many of them, but for others it 
is a matter of conjecture. The prominent, low, 
even terms with small and partially inverted level 
separations show a parallelism with corre- 
sponding terms of Cr 1 and are, accordingly, assigned 
to the d°s configuration. On the other hand the 
low, even terms of the d‘ s* configuration have wide 
separations; and by their positions in the energy 
diagram reveal their relationship to the correspond- 
ing terms of the d‘ s configuration of Cr u and the d' 
configuration of Crim. The terms of the d° con- 
figuration should be similar in type to those of d* s* 
but with inverted levels. Only one term, ¢°D, of 
this configuration has been found, the others lving 
too high to vive observable combinations 

The terms of the odd configurations 3d°4p and 
3d‘ 48 4p also exhibit characteristics that relate them 
to corresponding terms of Cru and thus determine 
their configuration assignment. 


close 


3.4 Series and Ionization Potential 


Among the Cri terms are several that form 
Rydberg sequences of two or more members. The 
outstanding series are those derived by adding ns, 
np, and nd electrons to the ground term 3d°(a °S) 
of Cru, as given in table 7. The lower members of 
these series were among the prominent features of 
the spectrum pointed out by the early investigators, 
particularly by Fri. Gieseler [38], who recognized 
three *S series members and four °S members. All 
these series are remarkably regular and can be 
accurately represented by the Ritz formula » 
L—R/{ m+a+8/m*\*, in which Z is the limit of the 
series, a and 8 are constants peculiar to the series, 
and m=1,2,3, is the order number of the vari- 


able term. The values of @ and 8 appropri 
each series are listed at the bottom of each « um 
of table 7. From each series values of the |im)). 
may be calculated. The limit from the 7P° series 
was found to be in close agreement with thos; fro 
the *S and °S series and was included with them 
deriving a mean value of 54570+2 em™ fi 
separation a ’S—a°S between the ground states » 
the neutral and singly ionized chromium 
This corresponds to an ionization potential of 6.764 
This value is essentially the same as that given | 
Miss Moore [39] in Atomic Energy Levels, whi 
was calculated by Professor H. N. Russell from the ’s 
series alone with the method described by She 
stone [40]. With the term value 31071 thus fow 
for -*P° as limit, a representation of the two men 
bers of the *D shows that their Rydber 
denominators are very nearly integral, and, therefor 
that this series is approximately similar to thos 
hydrogen. 

Series of °P°, °D 


“#LOTNs 


series 


, and °F° terms, each with thre 


members, have been found from their combinations 


with a@°O. These series arise from addition of », 
electrons to the a°D state of Cru, and may |y 
satisfactorily represented with a Ritz formula 
However, they give for the separation of a°D fro: 
a°D somewhat larger values than that calculab 


from the above separation of the ground states 


a‘’S and a°*s. It is well known, from analyses ; 
other spectra, that such series are erratic and ar 
not satisfactory for the fixing of limits; therefor 


they have not been included in the determination 
the ionization potential. 


3.5. Chromium Oxide Band-heads 


Most of the earlier investigators of the chromiu 
are spectrum have described the prominent ban 
structure that appears in the yellow and orang 
regions; and some of them have reported approv- 
imate wavelengths for the band-heads. <A few \ 
the most intense of these bands have been identifie 
by Miss Davis [41] among the other bands that oc 
in the absorption spectrum of the giant star 8 Pegas 
On the National Bureau of Standards spectrograms 
the bands make their first appearance faintly nea 
4850 A in the blue, and can be traced to 11550 A 
the infrared. Most of them lack the distinctive featur 
that can be designated with certainty as a band-hea 

The first attempt to arrange the strongest band: 
in a vibrational array is due to Mecke and Guiller 
[42]. A few vears later their analysis was extended 
by Ferguson [43] on the basis of new observation 
made by him at the Nationa! Bureau of Standards 
with a prism spectrograph. Subsequently Ghos! 
[44] reported a further analysis based on identifica- 
tions of fainter band-heads in the region short war 
of 5500 A. 

Measurement of the National Bureau of Standards 
spectrograms included not only all the easily recog- 
nized band-heads but also some of the stronger ban¢ 
features that have somewhat the appearance of heads 
overlaid by rotational lines of preceding bands. Th 
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nt bands at 6051 and 6394 A appear to be 
inied by at least three and possibly more 
s,as stated by Ghosh. However, an attempt 
the fainter band-heads reported by him in 
n and blue regions was not successful, 
ing the stronger bands on our plates, there 
a fainter structure of closely spaced lines 
m to emerge from heads masked by the 
bands. One such head is that at 6119.98 A. 
ngths, estimated intensities, and wave num- 
he observed CrO band features are presented 


Interpretation of Some Infrared Cr! Lines 


¢ Randall and Barker’s infrared Crt lines 
bevond the photographic limit reached in 
there are five that can be classified as com- 
ns between terms in tables 4 and 5. They 
ed in table 8, in which the calculated and 
d wavelengths are listed in adjacent columns 
parison. In the last column of the table are 
| the corresponding solar wavelengths as 
dl by Goldberg, Mohler, and McMath [45]. 
atisfactory interpretation has been found for 
ll and Barker’s group of 11 Cr lines between 


ind 26232 A 


4. Discussion 


atomic number of Cr is 24, which means that 
itral atom has 24 extra-nuclear electrons. 
en of these are bound in closed shells, leaving 
serve as valence electrons, which can form 
it configurations, depending on the state of 
ion of the atem. According to present the- 
the spectrum, Cri, results from transitions 
even and odd terms of the singlet, triplet, 
and septet systems that are characteristic 
various electron configurations. The terms 
expected theoretically from these configura- 
ms are set forth in table 9, which is abridged from 
more extended table on pages xii and xii of the 
troduction to Volume I! of Atomic Energy Levels 
The terms actually found in this investigation 
printed in table 9 in bold-face type. Of these 
are 53 even terms, as listed in table 4, and 
) odd terms, as listed in table 5 
lhe total number of Crt lines given in table 1 is 
proximately 4,425. More than 80 percent of them 
ve been classified with the terms of tables 4 and 5 
\bout 10 percent of the classified lines have two or 
nore designations, indicating that they have an 
resolved structure due to blending of two or more 
omponents, even when observed with powerful 
gratings 
lhe presence in Cri of several series of three or 
nore members is unique in complex spectra. The 


series are very regular and can be represented accu- 
rately by a simple formula of the Ritz type, so that 
the value of the ground state can be fixed with an 
error not exceeding | part in 10,000. It is possible, 
therefore, to calculate for the neutral Cr atom an 
ionization potential of the same order of accuracy 

The occurrence of molecular bands in the spectra 
of ares and of low-energy sparks in air is always 
annoving to the atomic spectroscopist. Neverthe- 
less, their importance in the physical and chemical 
analysis of flames, and in the analysis of stellar 
spectra, is recognized. Inspection of the CrO bands 
on the high-dispersion spectrograms of the NBS 
reveals features that differ in several respects from 
the published descriptions derived from low- 
dispersion spectra. This suggests that the published 
vibrational analyses are only approximately correct, 
and that further investigation of them is required in 
sources more favorable to their excitation than the 
conventional arcs-in-air. 

The wavelengths of numerous Crt lines, beyond 
the reach of photographic registration in the infrared, 
may be calculated with the terms of tables 4 and 5, 
With modern radiometric detectors it should be 
possible to record not only these predicted lines, of 
which many have 3¢°°D as their low state, but also 
other lines that arise from states as vet unknown, 
notably the *P and *H states of the 3d° configuration, 
Similarly, there are predictable lines in the extreme 
ultraviolet, shortward of 2000 A, that should be 
observable with vacuum spectrographs. The chro- 
mium are-in-air should be a satisfactory source for 
radiometric investigations because, if the electrodes 
are about 1 em in thickness, the arc burns steadily 
for several minutes, and if the are is in an enclosure 
with the air-pressure reduced to about atm, it 
will burn without flicker for 20 minutes or more. 


The description and analysis of Cri, presented in 
this paper would not have reached their present 
status without observational material and data 
from various individuals. A. S. King of the Mount 
Wilson Observatory loaned some of his high- 
dispersion spectrograms of chromium and also made 
available, in advance of publication, his furnace 
observations of the ultraviolet spectrum. Similarly, 
H. D. Babcock, of the same Observatory, supplied 
his unpublished Zeeman effect observations. A. G. 
Shenstone of Princeton University made spectro- 
grams of the extreme ultraviolet region with his 
vacuum spectrograph; and finally, both G. R. 
Harrison and W. F. Meggers made sets of Zeeman 
effect observations with the magnet and spectro- 
graphs of the Massachusetts Institute of Technology. 
It isa pleasure to express to each of them apprecia- 
tion for his contribution to this work. 





Wavelengths and term combinations of Cri 


hortward; r, reversed; FP, strongly reversed; w, wide; W, very wide: 7, Zeen in patter: 


. er T, 
rerm Wavelength Intensity Wave No rerm 
ombinatior Asir combinat 


9409, 7 : 10624. 33 
9398. 1: 10637. 50 
9362 10678. 48 
9313. 5! 10734. 10 
9302. 7: u 10746, 56 


9294. ; 10756 
9294. 1! LOT 56 
9290. f 10760 
9278 , LO775 
S060. 5 : 0263 , 10791 


11044 5 O05! 9220. 55 10842 
11015 9075. 53 / 9208. 2° LOS56 
10957 , 9123. 93 ) 9148. 4: i 10927 
10929 9146 h 5] 9142. 5 10934 
10905. 83 9166 é 9141 i 10936 
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109002 9169, : 9140. 5: 10937 
10821 ‘ 9238. 2: Dp D 9128. 1: ; 10952 
1LOS16 9242 b°D D 9124 10957 
1OSOL. 37 9255. 55 h°D ) 9113 2 10970 
10672 9367 h°D 9098 10987 


‘re VS bt oer 


10667. 53 ; 9371 ) DD 9097 10989 
10647 9389 } , D 9068. 2 , 11024 

' 9065 , 11028. 2 
‘ 9059. 7! ; 11034 
10550 4 0475. OF } 9035 11063 
10509 9512 


L063 1 2 4103 


9027. 2% 11074 


10486. 2 9533 b , 9021 7 11081 


3 
10416, 75 9597 ) 9017 LLOS7 


103902 9H20 ) 9009. 5 11095 
10217 O7S84 SOS9 11121 
LOL97 3 OSO4 
S976 

O11 USSH 
LOOSa OOS 
LOOS3 o9o14 
1LOOS0. 3 Fi OO17 ID I) S949 
aO4a LOO4AS, 45 


rvce+ wer 


S947 
OO46. : 7 LOOS5!] 89043 
VOs4, | LO063 e * 8939 
OO04 100903 
Youn) rf ‘ LOOO7 
YUS45 1OL54 


SO36 
S935. 


9 
0773. ; 10220 15 S929 
9758 10244. 45 8925 
W752 10250. 62 
Y734. 5 j 10269 
W730. 3: 5 10274 


S917 
8916 
SSUS 
VO70 § 10337 “ 
9667 25 lO341. 42 S510. ds 
0626. ; 10385. : SS8o9 
O574. 2: LO441. 8 ; S835 
9571 25 l0444. 5 S508, 
8796. 
OS68, 5 10448 
9520. 1; LOS! is S789 
447 5 10582. 46 ( 8788. 
: , 8786, 9 
f S784 
9444. 33 by 10585. 46 ' , S773. 5 


0446, 89 10582. 60 





lengths and term combinations of Cr 1—Continued 


led shortward: r, reversed: R, strongly reversed; w, wide: VW 


Term avelength , 
Intensity Wave No Ferm 
eee Nair combination 


. 


Intensity Wave No 


D i 8323. 41 5 12011. O1 
iP, 8323. 32 12011. 14 
G 8322. 98 12011. 63 
8322. 05 12012. 97 
R318. 25 12018. 46 


8307. 37 } 12034. 20 
S303 ) p 12040. 30 
8297. { 12048, 41 
S296. § 12049. 39 
R2O5. : : 12051. 7 


S290. 6 12058. 49 
S287 12063 
S286. . 12064 
R285. Of ‘ 12065 
R283. 9: u 12068 


‘ 8278. ; u 12076. : 
643003 566.88 a ®P, 8273. | 12082 
8636. 2! ‘ 57! 8273 2 12083 
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LLS78 S166 i 
11905 ' ; 8166. 30 
11929. 1 S. 5 8163. 22 
11929. 6 : . 8155 
11932 ’ 8140. 
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11975. : 8128. 27 2! 12299 
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phe = 8124, 82 i 12304 

11991. 70 y 3F 1G 8119. 
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TABLE | Wavelengths and term combinations oJ Cri Continued 


d. Double; A hazy: 7/ shaded shortwara, 7 reversed; R strongly re versed; w, wide W, very wide 7. Zeeman patte 


Ter 


Term Wavelength 
combina 


Wavelengt! Intensity Wave No Intensity Wave No 


Reis combination 


aO8. | 12344. 97 ( F 3 2 12944. 94 
S086. 35 : : f 

9084 7 : 2365. 2: ( 7705 12974. 35 
SOOT 23% ’ 3: ‘ 12987. 91 
8065 2395. 7 ” 5 7 12997. 79 | 


13009. 09 
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S061 

S053. : 241: é ' : 

S050 : : . 5 3113. 82 

8045 24: ) 7 3198. 22 

soo. 5 2433. o- ) : 3205. 03 
f 3208. 68 


S034 
SOLS 
So14 
ROOT. & 
S006. 
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S005 
TOO, oO. 
TORO. « 
7976. 
7971 


trey et 


13396 
=942 13411 
7939. 13426, 
7934 
7926. : 
7924 


13456. 
13500. 4 
13509 


7917 2! 2626. * te tie - 
-913 7389. 2 13529 
7911 12636 HS 7379. 6 - 13547 
TOO. AS 2! 12637 q 
TOUS. | ‘ 12641 Hi 7367. 37 13569 
7355. 9% 13590. 7 
7348. 6! ; 13604. 
gla é 3G 7332. 5! 5w 13634 
7906, 2 12644 ie 7323. 2! 13651. 3: 


7007. 3 12043 


TOI 12651 _ = 
7S K 12663. Of 7311. 56 j 13673 
TRS4. OF 12678 7306. 8 13683. 
; 7305. y 13684 
7RR2 ‘ 12683. 5 $F 730A. 3: 4 13686. 7 
“877 ‘ 12691. 5 : 7303. j 13688, 
7870. | 12702. 06 007 - 
851. 3° 12733. 2% 7297 13700. 
ese § area } ; 7293. § 13706. ; 
748, 2: 12738. 1‘ or A 
7280 4 13731. 
ae » 7276. 2 13739. 
TRIG. 1 12790. 5 . wORA ¢ 2789 
“e154 * 12791 f 7264. 13762. 
TRO9. | 12801 
7TSO02. § 12812. 2: G3 7236. 13815. 
12815 


rvacrr wer 


if 


7230. 6 : 13826. « 
12840 Dd, ; o- . 

12846. 3: ; 7226. Sf 13833. 
12852 i 7221. 1: : 13844. ¢ 
12863. 5-2 was - o 
12878 , 7220. 13846. 
12878 7218. ¢ 13849. ; 
12901 y 5 ; ‘F; 7212. 13860. 
12901 7207. 13869. 
12926. 37 7206. 13872. 7 
12939. «: . 7205. < 13874. 





TABLE | Wavele ngths and term combinations of Crt Continued 
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H., very hazy; l, shaded longward; s, shaded shortward; r, reversed; R, strongly reversed; w, wide; W, very le; 7, Zeeman pattern in table 2 


7m. — a 
Term Wavelength Intensity Wave No Ferm 


ngth Intensity Wave No 
combination Piste combination 


13877. 49 ‘ 6814. 52 14670. ; ), P} 
13883. 71 6812 14673 1D, —y Pe 
Z 6805. 77 2w 14689. : 
3888. : ‘Pi—g *D, 6805. 00 r 14691 
f 6798 y 14706 
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a 6784 
3900. « 6780. 
3908. 
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6765. : 14777. 2 


6777. 5 14750 


3928. : 
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6757. 76 2. 14793 
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‘ 6739 14834 


Sana : ; 6738 14835. 3: 
sada 7, 6735. 7: 14842 


6734. 16 : 14845. 57 
6729. 7: 14855. 37 
6726. 2: } 14863 
6715. 3! 3! 14887 
6701 14917 


6692. 4! 14938 
6688. 96 Y 14945 
6683. 8 ; 14957 
6680. ‘ 25w 14965 
6677. : 14972 


6669. : 
6668 
6667 
6667 
6665 


14990. 
14991 
14993. ; 
14994. 22 
14999. : 
6663 15002. 
6662. * 15005 
JOU o » 
6661. 15008. 
24. 44 P3 6657 15016, 
81 2 6655 
4 ot . 5! ‘2 F 15022 
992 
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a 2 15023 
10ws 14605. 18 —S : 15028 
Sw 14613 17 6651. § 15029 
8 14637. 56 : 
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tw 14661. 25 : §P3—f *D, 6645. 93 : 15042 
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, wide; W, very wide: 7, Zeeman patterr 


a i Te. 
Wavelength Intensity Wave No. Perm 
“ombinat 


Wavelength : ’ m 
\ . " ation Asie 
sir 


’ ) 

6645. 12 5044 sD 6520 
HOH43 no. 2 ) y 3F3 6518 

wis Ds 6517 
HH42. : 15050. 9: G 6516 
6640. 4: 15055 D 6516 
6639 15056. 2¢ ) u D3; 

6510. 2 
66349 5 15058, 2: D; 6509. : 
6638 15060 » Dp D; 6508 
6636. ; 15064 D Dy 6506 
6635 15066, 55 e?D pF 6501 
6632. 4: r 15073. : 
oa 
6630 15078 dD oa - 
6629 2 15080 Ip y3 6490 > 
6628 15081 ) r 5 6477 ro 
6627. 8: 3 15083 ) 6470 
an - “es 

6627. ‘ 15084 
6467. 
6452 
6438. ! 
6436. ‘ : 15532 
6434. 4: 15537 


6625 15089, 7 
623. %: < 15092 
6620. 5 : 15100. ¢ 
H612 15119 
6608 § 15126 


ee ee ee ll 


6607. 2: § 15130 6432 15541 
6605 3: 15134. 7: : 9 6428. 14 2: 15552. : 
6604 , 15137 6415. 6 15582 
6603 : 15138. 6 ) f , 6411. ! 15592 
6600. 5 15146, ) 3 6391. 6: 15641 


6597 15152 Ds ; D 6383 . 15661 
6597 : 5 15153. ¢ ( ) ds 6378 ‘ 15672 
6594 15159. 5 e’D ) 6377 15676 
6592 § 15165. : » 3p ) 6376. 3: ‘ 15678 
6590 ' 15169. : D f*D 6375 15681 


oee8, ie teh 6374 15682 
Host) fe 15191 a "> 2208 
6572 15209 6373. 4! 15685. 

sitsiecs ; sone seege 6370 5 15692. ; 
6569 § 15218 6369. 15695 
| enn ¢ Po 

6504. 5 15229 5 aon e ey 
6361 15714 
6357. ¢ 15725 
6356. ! 15727 

15736. : 


N 


NHI ow — 


5230 
9248 


H564 


6556. ; 


+ eeeetiforct wee 


5269 


5279 


6547 
6542 


l 
l 
6555. S2 15249. 4: » Dp ‘Dp >t? 
, aD D 6353. 00 
l 


6349. 01 3 15746, 
6542 15281. 4: i 6348. 40 2 15747 
6537 r+ 15291 ‘ ‘ -¢ ) n= 
6537. 1 E 15202 an 6344. 42 15753 
6533 : 15300 5 : 6342. 87 r 15761 


6529, 7 5 15310. 3: ‘ . 6336. 44 j 15777 


6529 i 5 ‘ ‘ ‘Ff : , 
> . 6330. 13 5, Z 15793 


6528 5312. 85 ‘ . . = 
6525 ‘ 53s 07 a 6328. s4 2w 15796. 3% 
6524. 7 : 5322 01 : +, 6327. 45 ’ 15799 
6524. 2 5323. 15 , 6323. 78 15808 
: 6322. 57 15811 

6523 5323. 91 
6523. 62 5324. 69 '—w'F3 6317. 10 15825 
6523. 5 5 5324. 94 } hy 6315. 8% 15828 
6523 5325. 96 he 6313. ‘ : 15835. 

5F 3 6307 15850 


6522 2 53s a9 ~ - 2One 
6296. ! ; 15877 








TABLE I Wavelengths and term combinations of Cr 1—Continued 


gward: s haded shortward; r, reversed: F?, strongly reversed; w, wide iW 


igtl Tern Wavelengt! Ter 
= Intensity Wave No — avelength Intensity Wave No Term 
combination Asis combination 


15886 c®D, 
15901 b 8P, } 
15966. 7: b 3*F,—: ; 5999. 97 16662 
15987. ¢ b3F,—z § 5998. 91 16665 
15995. 7§ y *F 5998. 09 : 16667 

5997. 14 : 16670 


6004. 57 16649 


16013 
16060 
16063 
16073. § ds iD 5991 16686 
16111 5983. 22 16708 

mm 5OR2. &! 16709 
aaeae 5981 2: 16712 
6148 , 
16158 P atin ts 

‘ ‘ =~) 

16185. 3: 59TS. 16721 
16197 , r 5978 16721 


5992. 31 5 16683 


5977.7 ‘ 16724 
5974. 35 16733 


16207 ‘ 5972 16739 


16198 


16230 

16243 ) 59TO. GE 16743 
‘ / ) 

16248 : D 5965. 2: 16759 

5964 16760 

5959 16776 


16250 
5957. ! r 16780 


16264 

16277 ; 

16286, 82 y 5F 5955. 5 i L67S86 

16293 5954. 7! 16788 

5950 16800 

16321. 8: . 5938 f 16833 

16328 r ’ 5935. 37 : 16843 
16329 

we 5935 ‘ 16844 

16377 D 5933. 2: ! 16849 

16381 5930. 35 , 16857 

; ’ 5928. 6 16862 

HO99, ! f 16390. 1! ed 5925 16871 
HOOS : 16393 

HOST } 16421, 92 -a9« 

6068 16474 ; ) 5922 16881 

6062. 7: 5 16489. D. 5921 =F 16883 

5919 5 LGRR7 

6055 2! 16510 4 5919. : : 16889 

6054 16512. ¢ 5Q17 16893 

6053. 1! : 16515 a Siea ‘ = 
H047 16530 

5917. 3§ 7 16894 


H045, 2 L653¢ - : 
— 5916. 7: : 16896 


HO40 16550 5915. § “ 16898 
6039 16552 
6039. § 16553. i 
H037 16559 . xr? 5903. ‘ 16935 
6029 16581 


5904. 2 16932 


5902. i 2! 16938 
5894. d 16959 
. 5894. 16 : 16961 
16592 ud Z 5892. 3: 3: 16966 

S888. 02 2: 16978 


16583. 
16585. 


16596 

16598 

16607 5SS6 16983 

16621 *s F 5RS5 16987 

16630. 5: 2—3 5884. 4 : 16989 
06. 6 16643. 7: r 5S81. 43 ‘ 16997 
006. 30 16644. 5§ T; , 5879. 8 : 17002 





TABLE | Wavelengths and term combinations of Cr 1—Continued 


shaded longward; s, shaded shortward; r, reversed; FR, strongly reversed; w, wide; W, very wide; 7, Zeeman pattern jr 


Term 


Term Wavelength 
combinatio 


Intensity Wave No. 
combination Asir . 


era Intensity Wave No 


SSTS. O4 17007. 7 / ay 
5876. 57 y+ 17012 X , 0 y *D5 
5875 2! 17014. 7 c§D,—wF 
5873. O04 } 17022. : 

5871.18 ‘ 17027. 6 / G 


5S67 17036 y §P 

5867 5 17039. 6: r 1—y'P 

5S65 17043 ( sp; 5 17286 
5864 2 17047. : / P 5G 

5863. § 25 17048. ! ’ 7 17290 


5863. 36 2: 17050. 2 , "Ds 
5862 25 17051 


5SSS. 1 : 17065. 5: 
HRSG. 4S 17070 
5S. % ‘ 17076 


5852 . 17083 
5849 : 17092 
5847. 7 

5844 

5S43. 5 


5839. 5 
5S38 
5R3BK. ¢ 
5837 
5828. 
17375 
5825, 
5824. 37 j 'Fs— 71), : 17383 
naea 4 bd, ’ 17393. 
5823 17167. 2: “se "Ds 2: 17397. : 
5822 4 17407. 35 
17409. 
5822 
5820 
5819 
SSIS 
5S15 


me 


01 
33 
61 


*eeeet ie rec+ wr ee 
bt et eel Mel Meal | 
feat feet tend fd tend 
ag ogegesea 
- oe de ee 
nor 
NONE w 


mK 


9. 62 
56. 14 
15. 44 
. 24 
. 23 


5809 56 7208. 2: 5729 
5801 : 7233. 2: iT, Lag 
5798. : 2: ry ) pid og 

( - ) ait 5721. 
5797 5719 


et et tt 
“Isis isist 


— sind é 5716. 17489. 60 
5704 v, 246. 3 ; 1 i 5715. 2 r 17492. 36 

5793. 1! o- "ree 5712. 35, Z 17499. 80 

aver i. 20 on oe: 5712. 62 20, Z 26 

5791. 7: 9: 7261. 16 Me 5708. 46 513. 01 

Re 5706. 31 519. 61 

5791 17263. 40 PS 5 5703. 61 527. 90 

5790 17264. 41 ; : 'F 5702. 30 > 531. 93 b3G,—2 
5790 25 17266. 08 wee. ete as b3G;—2°H 
5788 7 f 17269 99 5700. 50 17537. 47 a ID, y 1» 
5788. 38 2: 7271. 21 ; Ds 5698. 32 ca 17544. 17 z 5Fs—f *D, 





TABLE 1. Wavelengths and term combinations of Cr 1—Continued 


shaded longward; s, shaded shortward; r, reversed; /?, strongly reversed: w, wide: 


ng Te Wavelength Ter 
elength Intensity Wave No Term aveleng Intensity Wave No Term 
we combination ) ; combination 


4 


5696. 64 . 17549. 35 557 4 17934. 18 IH, —v 3G3 
5696. 20 5 17550. 70 i 2 5G: 5572. 4: 17940. 46 
5695. 23 1: 17553. 69 557 2 17943. 65 
5694. 72 ., 17555. 27 - f. 5568. 2! 17953. 89 tH, 
5566. 5! ; 17959. 47 Gy 
690. 97 , 17566. 83 
55S. 5 17963 
5563 < 17968. § i.e) 
5689. 08 7573 7 5560. 7! § 17978. 2 
5683. 53 5 758 X 5559 a 17983. : 
»H82 759: > 5F r §D), 5556 17992. 9 D 
5681 
5681 7597. 4 5555 17994 
5555. 17995 1p 
5679 d 
5677 : 7. 6 r Gi 5H, 5554. 3: ‘ 17999. 
5676. 3: 
5675. 7§ 113. 8 x5 oH, 555% : 18003 
Odo. : a 5549. 17 18015 


5674. 19 i 

5671. 99 2 7625. 65 ; 5 o ) é LSO1L7 

5669. 72 132 : 5546. 6 18024 

5668. 46 

S667. 8: 17638. 55 'I,.—z : 55 18030 
18034 

5HH6, UF 17641 2G oh é 18043 

5664. ! 3: 17648 : : 

5664 5 17650. ; Z 5539. 5% 18048 

5662. 6 f 17654. 7: 2 5%. 18051 

5659. 5: 17664. 4! H, 5535 18060. 2 
18063 


5658 f 17667. 2 a4. 5529. 5: 18079 


5654 17681 

18081 

2 } ; ' : 18083 

OAS, 25 17699. 7 iFs—f 5D, 5! ( L8O85 

H47. SE ) 17700. &: - 5Fy—f 5526. 4 18089 
18091 


rH49. ¢ 17696 


5646. 39 , O5. 5: 3 

5645. 53 2: 23 . fs 5519. 6: S11 
5644. 26 2.2 —w5D3 5519. 1811 
sans . 2 °F zx. oe 3} : 18132 
5642. 40 I sH. 551‘ 18134 
5641. 73 ) 7% ‘ 2 iy ° 9912. OF 18137 


2 
1 


5638. 20 - 773i. 2: - of 55 9 < : i 
5628. 64 ; 7761. 36 2 5508, 2% 18149 
5627. 72 4. S 5507. 4 ) 18152 
5625. 58 ‘ iF f 52), 5505 18160. ‘ 
3625. 03 2.7 

18164 
L8184 
18196 
18200. ; 
18200 


5623. 69 
5609. 17 
5601. 80 
5600. 68 
5597. 87 


18208 
5592. 44 876. 3: 546 18209. 33 
5591. 90 R73 5489. OF 18213 
5588, 23 ‘ 889. 8 : 3 Fs 5486. 5: 18221. 44 
5 5 18222. 84 
18224. 10 
18225. S86 
18239. 76 
18241 46 


17931. 6 zr 'D; 518256. 34 





TABLE 1 Wavelengths and term combinations of Cr 1—Continued 


shaded longward: s rtward; r, reversed; FP, strongly reversed; w, wide; W, very wide: 7 Zeeman patter 


Term Wavelength Intensity Wave Ne Term 


Wavelength 
é ns ave N ’ . 
Intensity Wave 0 combination Asie combinat ix 


5469. 44 18278. 34 5365 18630. 7: c3G, 
5468. 17 18282. 5S h r? 5362 : 18641 b3p 
5464. 39 18295. 2: PF r 3F 5361 18645. 

5463. 93 18296 h 3G, - 5361. : 18647 

5462. 91 18300 ; 5360, 4! , 18649 

462. 41 5 18301 } } 5356. | 18663 a‘F 
5457. S82 y 4: IS317. : 
5449. 27 18345 
5447. 92 ‘ 18350. 5 
5447. 50 18351 


5356. ; . 18664. 4: b 3G, 


5355. 7: 7 18666, 4! a 5} 
5351. 6 18680. 5 
5349. 7: é 18687. ; 


5446. 79 18354. 35 ) P ; 5348. ¢ 18692. ; 
5445. 78 , 18357. 7: 5347. 2 18696, 
5443. 91 18364 5345 18701 
aie. i a h 5344. 7 1S704 
S443. 34 18365. { ‘ G 5344 18707. : 
5442. 40 35 18369 iF 
5343. 5 IS709 
5437. 79 § IS384. 7: D 5341 18714 
433. S86 IS398. 0: d 5340. 18719.7 
2432. 35 § 18403 4G ! j 5333 : 18743 
5427. 98 9 18417 ' 5333. 18745. 
18435. &§ 5329. 7 18757. ; 
5329. 18759 
421. 97 ju 18438. ; ) 1 5328 18762 
5420, 62 18442 5324. 3: 18776 
5417. OS u 18451 5324 IS777 
5414. 24 18464 
5412. 50 1S470. 6: 4 ; 5318. 7¢ 18796. 
5312. § LSS816 


422. 70 


5409, 78 / 18479 1 , rang Ay 9 
D408. 7S 18483. 3: 9309 10 18829 
5406 43 18491. 37 i : 5308, 7 i 18831 
5405. 79 5 18493. 55 5307. 30 ISS36. 
5405. 00 35 18496 

5304 f 10) ISS48 
5400. 58 E 18511 5300. io, Z ISS860 
5398. 92 E 18517 5298. 24 100, Z 18868 
5395 SI 18527. 7 5297 50, Z ISS69 
5304, 32 18532 5297. 37 75 ISS872 
5393. 05 7 18537. ‘ 


rvcvr wes 


5296 100, Z ISS874 
5293. ; 25 ISSR6, 2 
5292 20 IS888 
5292. : & 2 LS889. 
5289. 2 15 18900 


53891. 34 35 18543 
5390. 38 IS546 
5387. 57 3 18556 
5386. 96 5 IS5SS5S. : 
5385. 93 § 1S561 5 

5288 7 18905 


‘feretre 


5385. ; , 18563. 9: 5287. 6: 10 18906. 
18573 5287. 1¢ 10 18908 
ISST4 5285. 6 18913 
IS5S4. : 5285. 37 18914 
LS5S9. ¢ 
— 5280. 28 3! 18933 
18595. 5 5278. 2: 18940 
18596. 5! 59O7@ 18948 < 
18599 orn 18949 
18600 . oa 
18603 18951 
S611 ) z 73. /. 18957. 62 
18615 f 5272. ; 18961. 58 
18621 »'D r 3s . /, 18962. 83 
18624 Dd r Fs 5268. 9: 18973. 96 
18626. 4: ) - 1980. 51 





Wavelengths and term combinations of Cr 1—Continued 


s, Shaded shortward: r, reversed > stror vy reversed wide; 


Intensity Wave No Term wave Intensits Wave No Term 


combination “Aa combination 


ISOS4. 19 —_ 

b - 7) 12 
18985, 45 1°D ; ‘ - 
I8987. 47 D; 15 LOO 
18984. 19 10) 
SO9 
ils 197 35, 7 
18992. 5 , D 009 100, 7 
1S999 
19016 
19023 : 
19024. 5 f vy $14 10 1O286 


oe LOO 1O282 


19307 
19049 

Q20)¢ 
19051 19309 
19066. : ; 19342 
19073 r 
19075 ; 5 ’ 19344 

19351 
19076 ; 78: 2: 4 19367 
19082. 42 ; 1937 I 
19088 19302 
19089 


ae 
19090 1938S 


19405 
19114. 3 y 5F : 19414 
19122 
19123 
19125 
19126 


19450 
19451 
19454 
19130 ‘ y °F 5138. 71! 19454 
19133 ) 5137. 9 2 19457 
19133 
P 19465 
1913: i ( 19466 
191: ’ o129.; 19489 
19501 
19137. 7 j 512 ) 19502 
191 ‘ I 
1914: » 3G, ol2 19512 
19] 5122. 77 19515 
19145. ; } oles ‘ 19517 
19527 
19) 19543 
191 < < < 19552 
191 s one } . 2; 19554 
: 19561 
19568 
19570 


19165 
19169 


19171, 33 5107 e673 
19173 ? 5] a 19581 
19175 | 2D: poe , eens 
eae | a 3 9633 
. « 6 é ; S 19655. 


100R, Z 19194. 37 ‘ 71 19684 
3 19201. 0% i 2G 5072. 928 ; 19707 


300R, Z 19203. 2 s 2 ; 507: 1 f 19707 
200R, 7 19208. 7! Ss 5068. 312 3! 19724 
50, Z 19224 ; 5067. 7: } 19727 





TABLE 1 Wavelengths and term combinations of Cri Continued 


led shortward; r, reversed; P, strongly reversed; w, wide; W’, very wide: 7, Zeeman pattern 


Term 


Tern Wavelength 
erm a 1g Intensity Wave No j 
. combinatio 


W avelength 
Intensity Wave No quenhinatien “ms 


Anir 
5065 19734 é D 1962. : ? 20146. 42 2 5G3 
5063. 2 19744. 7 15P3 1956. 7: j 20169 b 3G, 
5059 19761 4954 _ 2 20176 a ‘FP, 
055 19776 ‘PS $953. 72! 2% 20181. 22 a sP, 
5051 iy 19789 Ds $952. : ' 20187 
Pj 4949. 575 : 20198. 1: 3D, 
1944. | 2: 20218. : 1D, 
‘ / 20227 Ss 


O49. . § 19798 
OAS, 7! 5 19801 1 y *P3 
5045 1QOS15 } ; 4942 , 4 
5043. | 19821 j 4938. 3: : 20244 
42 19824. 5: a Pj $937 20247 


5042. 5: 19825 h t 1936. : 50, 7 20252 

5039. ju 19839. ; 1934 : 20258. 2 
5OBS. 5 5 10S41 1932. 6: 20267 
5034. 65 19856. &: rl; 1932. 5: 20267 
5033. 37 5 19861 F 1931. 1: f 20273 


50325412 joes. 16 { Lees, | sept are 2 
5031. 2 19870. 13 ; $923. : 20306. 
5028 BY 19882. 86 ) 3 4922 } 20308. 
5027 19887. 03 ) F ; $922 300, 7 20310 
5025, &: LYSOL. 6S 


ee ee oe 


| 


4920. 9: : 20315 
5025, 19892. S1 a ) "P3 4919 5 4 20321 
5023 5 19900, 39 Y , ; 1914. : : 20343. 2: 
5021 2: 19907. 21 aS, 3 1909. ; j 20361 
5020. : 19911. 61 4908. 56 20366 
5020. : 19912. 37 


-¥) 


1905. 37 20380. 
19917. 96 a l 3 1905. 0: y 20381 
4903. 2! , 2 20388 


41902. 06 20393 


5019 
SOLS. 17 19922. 04 
SOT. 3 19925. 38 
5013 19941.34 4 © 1898. 456 20408 
5009, 7 19955. 40 

4897 } 20412 
5008 5 19959. 51 ) i : $896, 20417 
HOOT 19965, 81 1805 : 20421 
SOOS. 19974. 17 } e M $895, ‘ 20423. 3: 
5004. 3! 35: 19976 ) 1? 1894. : 2: 20425 
S000 19990 


i892 20432 
35 


1998, | 20000 } / 1891 ; 20435 


190) 20030. 17 
1988 20042 891. 5¢ 20437 
1985 i 20050 ) ' 
1983 4: 20060 my 1890. 2° 2% 20443. 2 
i889 , 20445 

982 20066. | 
198] Se 20068 3; te 4889, 2 3w 20447 
1977: 20084 y 1888. i 20450. 35 

of ‘ 1887 2% 20453. 7 
1974 20098, 9: {S87 : 50, Z 20456 

es i885. § : 20461 
1973. ; 20101 

. é S85 75, Z 20461 
4972. 2: 20106. 1! ; f 8G a 
1971 20109. 6: 1854. 9: 2: 20465. ¢ 
1970. ow 20111. 20 1884. 20468. 86 
1969 Tw 20118. 65 4882. ¢ 3u 20473. 9% 
1968 20119. 99 $80. 2: 20485. 


4967. § P 20123. 34 : 5G 878 , 2049. 
1966 2! 20128. 09 , ress sonst 
19456 2013113 == 5G3—f 5G, 4875. : 20504. 
1965 30 20132. 06 > 5G3—F 5G, 4874. ‘ 20508. 
1964 Z 20135. 71 1S,—y? 4872 8 20519. 





Maz 


length 


S70. 79 
s69. 10 
SOS 29 
S66. 60 


S65. 71 
IS 


S4 


S4 


Hi 


very hazy 


Intensity 


1 
15 
100w 


x 
3w 


2w 
5w 


10 


TABLE 1 


shaded longwar« 


Wavele ngths and term combinations of Cri 


i: 8 


Wave No 


20524 
20531 
20535 
20542 
20546 


20548 
20554 


20562 


20565. ; 


20568 


20571 


20575. 3: 


20581 
20590. 
20606 


20608 
20611 


20624 


20627 


20628 


20633 
20642 
20647 
20648 


20650 


20652 
20653 
20657 


20660 
20662 


20665 
20667 
20668 
20670 
20673 


20686 
20691 


20700 


20703 
20705 


20709 
20711. 
20717 
20717 


20719. 5: 


20724 


20732. : 


20744. 


20748. 7 


20751 


66 


shaded shortward: r 


Term 
combination 


I 


ve 


rsed; /?, strongly re 


Wavelength 
X 


air 


1816 
1816, 
{S14 
{S13 
iS10 


$810. 5 
4810 


4810 


4809. 
4807 


4806, 2! 
$805. ‘ 
4804 
4804 
{803. 2: 


4803 
{801 
4799. 
1798 
4797 
1797 
1796 
4796, 
1794 
4792 
41791 
4790 
4790. 3: 
1789. 
1787 
1787 
1786 
4783 
1782 
1781 


1770 
4769. 
4769. 7 
4769. 
4768. 5 
4767 
4767. 
4766. 
4764 


versed: w, wide 


Intensity 


i 


Continued 


ery wick 


Wave No 


20756. 
20757 
20765 
20767 
20781 


20781 
20783. ‘ 
20784 
20787 
20796. 


20800 
20804 
20807 
20809 
20813 


20814 
20823. 
20831 
20833. 
20837 


20840 
20841 
20844 
20851 
20860 
20865 
20867 
20869 
20873 
20880 
20882 
2USR5 
20901 
20905 
20907 
20915 
20921 
20924 
20925 
20932 
20934 


20936 


20938. 5: 


20948 
20951 


20955. 
20957 
20958 
20959 
20959 
20964 


20967 
20970 


20973 


20082 


Term 
combination 





yths and term combinations of Cri Continued 


Wavelength Te 
Intensity Wave No. Term 


Wavelengt! ; _— rerm 
‘ombinati 


ombination Nair 


‘ 


20983 I : $700. 47 
20087 1708. 02 
20904, 92 } f 1707. 73 
20007 1706. OSS 
21002 W705 


21003. 7 ‘ $705. ; 
21013. 23 ! $703. 2 
21014 ( 1702 
21015 = 
09 , P1019 1701 
701 
uD 21024 
; , 21025, S83 rd f 
04 25, Mr 21028 ane | 
ame ¢ : . 1609 
su 21lhed *¢ 
O66 21037 ( — 


I: 
j 


oo 


1560S 
21042 é, 1698 
21046 
21050 
P1051 
21057. 2 ' 1695 


107 
1607 


a ae nn o 2s 


‘ 


1694. 733 ‘ 21264 
1603. 03S 5, 7 21208 


af 


21059. 93 
21061 
21067 
21068 1693. 5S2 ‘ 21209 
21077 > é 1692, 067 21302. 5 
1691. 62 21308 
271082. 27 } : 1590. 15 j 21315 
21086. 3 v 3k 1680, 382 1D, 7 21318 
21103 ' 
21106 1686. 20 § 21333 
21 Der 1684. 602 21340. : 
1680. S64 35, 21357 
1680. 402 3 21359. 3: 
1677. 62 t 21372 


1676 < zt 21375 
1676 l 21378 
1675 2: 21380. 
1675 ' 21384 
1673 21392 
1672 ‘ 21304 
1670 21406 
1669 21408 
1669. 3 21410. 3: 
1667 : 21416 
1667. 71 21417 


1667. 170 : 21420 


1666. 50S 


1666. 201 
1665. SO9 


1665 15 
1664. SO 
1663. 


4663. 3: 
4662 


> + 
“nists 














ength 





Ol SS 
61. 20 
56. 822 
76. 183 
4. 76 
4. 09 
2. 76 
2. 155 
91. 285 
19. 446 
648. 856 
H48. 33 
H48. 116 
646. SO3 
1H}46, 499 
1646. 151 
1643. 915 
142. 413 
1641. 96 


1641. 69 


tH41. 49 
140. 82 
140. 68 
1640. 553 
1639. 695 
639. 521 
1637. 768 











628. 48 
1628. 24 


1627. 652 


“-é we 


1627. 351 


IS] 
20. 913 


H25. 65 

~» 295 
1. 564 
2. 759 
2. 466 







21. 47 
21. 112 
21. O17 
20. 40 


Intensity Wave No 


2w 21444. 59 
2 21447. 72 
10 21467. 88 
30 21470. 83 
35 21477. 39 
LOw 21480, 48 
| 21486. 62 
100, Z 21489, 42 
75, Z 21493. 44 
15 21501. 94 
35 21504, 67 
2 21507. 10 
25 21508. 09 
20 21514. 17 
15 21515. 58 
100 21517. 19 
7 21527. 55 
3 21534. 51 
10 21536. 61 
4 21537. 87 
$ 21538. 79 
I 21541. 90 
l 21542. 55 
} 21543. 15 
25 21547. 13 
$5, Z 21547. 94 
10) 21556. 08 


6 21566. 97 


21590 


10 21599. 33 
l 21600. 46 
s 21603. 20 


é 21604, 61 


21607 
65, Z 21610. O8 
20, Z 21611. 32 
] 21612. 55 
3 21614. 22 
15, Z 21617. 62 
22 21626. 06 
35, Z 21627. 44 


45 21629. 97 


21632. 10 
21633. 77 
21634. 22 
21637. 11 


No & bo 


Wave lengths and ter 


haded shortw ard 


Term 


combination 


cs Ds g ‘1p 
65D, —y3P 
a'H;s—z'H 
a*Gy wD 
F f 7D 
a*p y>P 
a°D y §P 
a Ci, H 
a‘p wD 
f a H 
a D wiD 

a*H,—y SHE 
ae*G 2 *H 
I f 7D 


a*D,—y5P 
a*F,— wt 
a%G wiD 
a] y 315 
c 37}? — 4 3F 3 
D g °D, 
c#D u as 
G;—t 3H 
a3l4e—y 3] 
a 3Fy— w5 Fy 
a’p wD 
Fr f 7p 
ar%G oH 





“4 8 ‘ 
F3—f ) 
P3—f 5G 


5 G,—zr 3D 


a°Dp y 5P 
a*I_,—y J 

a I / I 

a } w I ; 
a*Pp y *P 
a‘’p wiD 
a tG H 


eversed; F?, str 


m combinations of Cr1 


ong! 


W avel neth 


X 


1619 
1617 
1617 
1616 
1614 


1614 
1614 
1613 
4612 
1612 


1611 
1611 
1609 
1609 
1607 


1607 
1606 
1606 
1605. 
41604 


4604 
4603 
4603 
4602 
4602 


4601. 
1601 

4600 
1600, 
4599 


$599 
1598 
$596 


1596, 


4595 
$595 
4594 
$593 
4592 


1591 
1590 
1590. 
1589 
4587 


1586 
4586. 
4585, 
1585. ( 
1584 











1584 


4599. 2 


537 
560 


120 


741 


510 


1S 


36 


20 


964 
056 
S96 
64 
50 
25 
92 


364 
59 


10 
S4 


599 


04 


408 


825 


546 


$05 


6HSY 
1S 

O3 
S63 


990 
146 
713 


196 


938 


Continued 


ed wide: 


Wave No 


Intensity 


10, Z 21641. 15 
2 21650. 41 
2 21651. 30 
75, Z 21657. 17 
10 21663. 64 
12 21664, 72 
12 21666, 42 
60, Z 21670, 12 
lw 21673. 60 
lu 21675. 57 
15, Z 21676. GS 
t 21680, 95 
S 21686 4] 
Qu 21687. 61 
l 21697. 68 
} 21698. 86 
lu 21700, 42 
15 21703. 04 
Su 21705. 74 
ju 21711. 40 


2 21713. 71 
2 21714. 94 
2 21716. 82 
7 21719. 53 
7 21721. 21 
10 21727. 68 
50 21728. 25 
75r, Z 21729. 54 
10, Z 21732. 55 
lw 21734. 53 


to bo 






Term 
combination 


15P 
| 
aj‘H 
iD 

Pp 
3p 
i | 
hy 
1°y 
roD 
hap 
aH, 
bu, 
D F, 
4°pD 
6°u 

Pp 

P 
bh 3G, 
dP, 
b Hy, 
cD 
3G 
a FP, 
aq 
a‘p 
aeg 













































P§ 
I 
H 
Pp 
G 
D 
















D 
Hy 


























































































76 


4584. 100 
4583. 898 
4583. 33 


1582. 40 





15, Z 21753. 88 
Sw 21756. 52 
8 21759. 51 
Ru 21762. 28 
15 21768. 34 
60, Z 21773. 74 
. 21777. 15 
! 21778. 13 
5 21785. O1 
S 21790. 56 
8 21794. 71 
20, Z 21798. 71 
3 21800. 77 
IS 21803. 71 
15 21804, 46 
12 21805. 31 
20 21808. 44 
15 21809. 41 
l 21812. 11 
6 21816. 53 











D 


ABLE | Wavelengths and term combinations of Cr 1—Continued 


rtward; r, reversed; F, strongly reversed; w, wide; W, very wide: 7 Zeeman patterr 


haded longwa 


Term Wavelength Te 
Intensity Wave No. Term 


Vs rt! 
Wavelength Intensity Wave No 
ombination Asir combinatix 


‘ . 


en oe G;—wG $541. 506 2: 22012 
1582. O4 = b3H,—t 3G 1541. 066 : 22015 
1581. 03 2182; sD. 4. 
S,—y5P 1540. 71: 22016 
I r*H $540. 5 22017 
J r‘H 


$540 22016. 2 


1580. O45 
1579. 60 
1578. 326 
1539 { 22021 


t 


I 
“ 1538. 76 22026. 
$537 22030 

3G 1536. 542 22037 
° $536 ; 22030 


u 


21859. 5 ! H 
H 


21865. ; rep 7 22041 


H 


21866. OF ¥ - 
2186 a Gi 3: 22043 


22045 
22053 


22055. ! 


673 21867. 7% 1 He 
103 


1570. O88 
1570. 535 2 re r a / - 
7 22055. 
1570. 34 22059 
1570. 23 ! : 7 ) 22061 
1569. 63 : P1877 , i4 22061 
, 236 : 22062 


1569. 5: 
1567 21890 22064 
1566, 5 21892. 02 ’ 
1565. 51: 21807 y 22065. : 
1564 21903 22066. 5: 
1563 95 21906 22069 
1563 ‘ 21907 ‘ 5 ¢ 22071 
1563. 2 } 21908 
22081 
1561 21917. 92 : : ) ‘ 3 22081 
2 526. 7 22084 


1561. ! 21916 


1560. 5 21921 22086 


1560 21922 

1560 21923. 65 J 526. 090 22087 
1558 21932 a 
1556 21942 

A i 29 ‘ 22091 
1555 i 21946, 2 } r 5‘ S35 : 22004 
1555 bs 5 21947.: a 522. O19 ¢ 22107 
1554 2: 21948. & a 

$553. 9! 21952 92 138 29, 42112 
$552 21958 f , . S33 

1548. 652 : 21978 h 

zs ; a 24 

$548 5 21980. 55 

1547. | : 21981 

1546. 53 21988 

$545. 946 21991 

$545. 335 25 21994 

1544. 607 § 21997 

4543. 734 22002 

$542. 64 35, 22007 


1541. 766 : 22011. 72 5 O15 





TABLe |. Wavele ngths and term combinations of Cri Continued 


s, Shaded shortward; r, reversed: FP, strongly reversed: w. wide: 


velength Term Wavelengt! Te 
: Intensity Wave No edna : igth Intensity Wave No rerm 
_ nbination i” combinatior 


$468. 6: 22: ‘ , D 
4468 2237: 
$467 

1467 

1466. 

1465 

$465 

4464 

1464 

41462. 7 

$462 

$461 

1460 

$459. 7: 2: 22416. 5 


1459. 37 w 22418 


S00, 2 3 229 5 ' 4458. § 
1499, 2: 222 ~ Z $458. 537 
1498, 7 35, 22222 1456 
1406 : 7 : 57 r / 1456 
$495 : 37. ; 2 $455 


$495 , 222: 3: » 3F, $453 

45 22° By , $453 

1493 : 22° 5 $451 
$450. 2 


1492. 222: r 3 
: 1449 
1440] 5 25 


: = $449 
‘ae ere] sete, | ae 
1489 
1458S 


1487 


1487 
14586. ¢ 
$485 


is4 


174 
969 


22552 


22556, 


1473 22346. 2 
1470, : 22362 
1469. & ; 22365 
1469 22366. 2 





ths and term combinations of Cri Continued 


FP strongly reversed , wide; W, very wide 


ward reversed gly 


Terr Wavelength Te 
erm aveleng Intensity Wave No. Term 
ombination Asir combinat ir 


$390. 5: 
1390 
$387. 


1387 
1386 


41386. 22% 
1385. ¢ : 22797 


22001 . 1384. ¢ 75, 2997908 


22602 , cig 
1384 y 22801 


2204. 3 ; 1383 ‘ 22804 
22605. 57 
22609, 20 1383. y 22804. 3: 
22613. 17 1382 : 22809. 7 
22616. ¢ I ‘ $382. : 5, 22811 
$382 : 22811 
22617. 5 1381 35, 22818 
22619. 7: 
22622. bi i ‘ 4380 22820. 5: 
22629. 83 § 4380. 22821 
22824 
22825 
22636. 07 37 22833 


22632 


22046. 44 a - 

: q 22837 
22046 376 20, 22841 
22048. 4: é 375. 3: 30, 22848 
22049. 5 : 22855 

22857 

22653 
22656. : Sid. 20% 3 22859 
22657 
22663 
22604 


22067 


1409 22671. 6: 1370. 7 


M07. 7 il 22681 1370 


1407 3 22684. 6 a ' : 4369 
1406 292686. 5! ‘ $369 
1368 
1406. 27: 22688 1368 

1403 22702 7- 4368. ; 
4403. : 3! 22703 : $368 
1400. 29720. Th . 4367 
1399 22721. 83 $367 
: 1366. 

1399 

1397 

1396 


$366. 3: 22896 
1364 } 22903 
1395 a j : 4364 22907 
395 ’ 41364 22907 
1304 $363 229009, 9! 


1394 297 } . 1363 30, 22912 
1304 F 997 $362. ¢ , 22913 
1393. ‘ D974 « 4 a 4362 : 22918 
1393 5 OO7RR : a 1361 
1392 == ; 1361 


1392 22760 4360. 

1391. 22763. 5 1359 

4391 22765. 25 ' C a 

1391. 07: 29767 4359. 5, 22931 
1390. oor - 4358 22936. 
ra oS a id 4358. ! y 22936, 





PaABLE | Wavelengths and term combinations of Cr 1—Continued 


had dos rd 
maded longward; s, shaded shortward;: r, reversed: PF. stror 


Term Wavelength Ter 
‘ombinat Intensity Wave No erm 
combination . “ombination 


Intensity Wave No 


22942. 47 _—1 31: § 23182 
aoe - r i & : 23184 
224i 6 1 15F < < 23192 
22948. 91 1309. 7: 23196 
22954. 20 I , 41307 y 23207 


22961. 26 } . $307. 487 23208 
22964. 75 f , $305. 91 23217. 36 
22972. 72 , $305. 468 : 23219 
22976. 50 j ae 
22982. (7 4304. 737 

$304. 331 
22995. 3: : 
22997. : $302. 784 
4302. 12 
1301. 185 
23004. ‘ : , $300. 522 
23008 » 3p, : 1300. 28 


22998 


23011. | 1299. 97 
23018. 2 3 1299. 92 
23024 1299. 723 
23027. 2: fi 4298. 048 
23028 a *Te 1207. 753 


23034 
23036 
23037 
23041 


23043 


$297. O64 
$296. 63 
$206, 206 
$206. 11 
$205. 769 
23047 
23049 
23053. 3! 
23057 
23060 


$205. 43 
1204. S84 
$204. 63 
$203. 578 
23074 1203. 42 
23076. ; ; 
23076 ( °F 4291. 972 ‘ / 23202 7 
— 1289. 733 500, 23304 
23094 1288. 404 23311 

2 Ht 
23098 1284 23331 
23100. 1984 
23 . - 
23336 
23340 
23341 
23342 
23348 


23352 


41280) 23353 


23145. : a*F F 1280. 65 23354 


2S0 . ‘ 23355 
23149 _ ‘ we 
93152 »,—u 3P3 4280. 186 23356 
23152 

23158. 36 ° sF3 279. 55 2h 23360 
23165. 1: , DOF: 279. 17 lh 23362 
23166. ; ag 4 277. 2h 23369 
23174 27: Tw 23379 
23180 i u5F : j T50R 23386. 3: 





Wa 


a ee oe ee 


velength 
Mets 


Intensity 


$274. O1 
4 
03 
20 
073 


aya 
‘4 


1260 
4269 
$2640. 02 
74 
S12 


4268 
41266 
{266 
4264 
$263. 
4262. 3 


4262 


4261 
$261 
$260. 
$259. 
$257. 3: 


10. 7 


tS bo to ho 


! 


TABLE | 
ule 


Wave No 


23300 
23302. 7 
23306. 5 
23406 
23406. 7 
23412 
23415 
23418 
23419. ; 
23430 
23432. 2 
23444 
23450. 2 
23454. 5: 
23455 
64 
15 
ov 


36 
20 


2345S 
23460 
23466 
23472 
23482 
23486. 17 
23492 
23498 
23510 
23514 


Si 
51 
23515 
23521 
23524 


23530. 01 


23532 
23546 


23551 


oOo 
S6 
74 
23554 


23562. 51 


IS 


23571. 74 
23574 
23576 
23584 
23588 
23590 
23593 
23596 
23600 
23603. ; 
23607 
23608 
23618 


23621 
23624 


<1 longward;: «, s 


uN ave 


ler 


engths 


tward 


and term combinations of Crt 


Term 


combi 


imation 


r, reversed; FP, strongly reversed 


Wavelength 
\ 


In 


i oe ee 
to bo ho hO bO 


_ 
te 
to 
~ 


~~ & 
Nw tw 
Nh th 
No + 


_- 
t 
to 


om am 
iccc 


5 


3 


— et et 


~~ ee 
to tN bo to tS 
~ 


de de de 
to bo bo 
vor 


~ 
—_ 
wor 


1 


ee be oe oe oe 
to tO bo NO DO 
— et et et feet 
noo. & 


1 
l 


4211 2 
4211. 4 
4210. 76 1 
$210. 42 

4209. 76 4 


4209. ; 
4209. : 


4208. 


4208 1 
$208. 


4207 
4207 
$207. 5 
4207 
4206. § 


$206 
4206. 2 
4205 
4205 


4204 


4204 
4203. 
$203 
4200 
4198. 5 


4198. 
4197. 
4197. 
4197. 
$195. 


60, Z 


Continued 


w, wide; W, very wick 


Wave No 


tensity 


23625. ! 
23626. : 
23628. 2 
23631 
23632 
23652 
23664 
23670. 5 
23674 


23681 


23687 


/, Zeemar 


pattern ir 


Term 


combinatic 


23692. 2: 


23695 
0, Z 
0 


2h 
3hs 
2w 
lw 
2wh 


23711 
23712. 7 
23714 
23716. ; 
23718, 


23719. : 
23722. 
23722 
23728. ; 


23731 


Owh 
lw 
XS 
2 
5w 
2 23737 
0, Z 23738 
Ss 23742 
3ws 23743 
0, Z 23747 


fw 23750. 7 
2 23754 

0 
t 23757 


2w 23758. 


23703. 2: 
23710. 3: 


23749. 85 


23755. 55 


23758. 8! 


5 23760. 
23762 
23763. 7 


23765. ‘ 
23768. : 
23770 
23774 
23777 


23779. 
23782. : 
23785. 
23802. ‘ 
23811 


23814 
23815. 
23817. 
23818 
23827 





TABLE l Wavele ngths and term combinations of Cri Continued 


very hazy shaded longward; s, shaded shortward: r. reversed FP, strongly reversed: w, wide: W. very wide Zeeman patterr 


elength Term Wavelengt Ter 
ng Intensity Wave No avelength Intensity Wave No rerm 
Nair , combination Anir combination 


a 


94. 96 55, 7 23831. 44 ; Hj 1170 5 Z 23972. 8: , Gy 
94. 331 2: 23835 $169. 5, Z 23974 1) Te 
193. 89 ‘ 23837. 5: ‘1s ) 4168 23983 ‘Dp » SPS 
193. 662 0, Z 23838 1168. 1: : 23984. 8 ) Hy 
192. 558 : 23845. : 1167 ‘ 23986 ; F% 


1166 23994 16 13 
$165. 52 7 23999 ad & 
4163 7w 24009 i} iD 

Gi 
Gi 
$163. 1! 24013. 5: G4 


23847 

23849 

23852 
190. 664 5, Z 23855 te G 4163. 627 / 24010 
190. 15 /, 23858. 7 ‘ 


1189, 965 23859. 8: x5 4162. 4! 24017 . ‘Dp 
1186, 888 23877. ; 4161.7 7 24021. 4: . g°*D 
i ap 

3] 8 
| s°i—{ 4160. 8: > 24026 ’ 1p 

L185. 347 : 23886. 17 : SH; 4160 ’ 24028. 15 ) tHe 


n = on P2AR76 
1186. 59 23879 4161. 4: 55, Z 24023 
1186, 358 23880 


4160 24031. 5 ; x 3p 
4158. S$ 24038. 1: s*D 
4157. 2 24047. 6 Ps 
$154 24061 

$154 24065. 4: ; J 


1185. O04 : 23888 
1184. 901 23888 
1184. 662 4 23890. 
1183. 73 23895 
1183. O71 23899. 
1181. 645 23907. 3: 4153. 81: 24067 mt 
L181. 54 23907. 9: ’ 4153. O7: 24071 

f181. 34 : 23909 4152. 77 Z 24073. 5 

{180. 67 23912 $152. 0: 24077 

1180. 52 23913. 7: ) ‘Fs 4151. 57: 24080. 


1179. 97 23916 A Pewe 
1179. 78. 2 23017 esos. Se ope 
79. 42 2 23920 ; $150. § 5w 24084, 
$150. 4! ; 24086, 
$149. 45: : 24092 
4148 24098. : 


23920 


23922 
$147.7 24102. 7 
23923. 7 ‘D,—t 5F 4147. 55_ 24103 
f 4146. 69! 24108 
4146 24110 
24111 


1178. 5% ) 23925. 2 
1178. 36 : 23926, 
1178. O7 23927 
177. 84 23928 > SF: 5. : 24115 
; < 24118 
9419 
1177. 46 23931. FS ‘ - Seaae 
1177. 166 23932 ‘Fk ; 24135 
1176. 68 2: 23935 — 
1175. 958 . 23939 : 9 ‘ 
1172 O08 . 9« , 3P . . ) 24143 
1175. 235 3: 23944 2 39. 24150 
24152 
23945. 60 < 4139. 18 ) 24152. 5$ 
z 5F3 OAtke a 
23946 24153 
23949 - ; sae 
9207 < jw 24159. 
oo 2 24159. § 
23951. 2 az 24163. 
~_ 24172 
23951 ~~ iid 35 24176. 7 
24180. 59 
24193. 56 
23959 | <5F3—g 5D, 24194. 68 
23964. 45 9 » SF 5 36 Z 24198. 31 
23969. 7 5 ‘F 4130 3u 24203. 34 


23958, 





TABLE 1. Wavelengths and term combinations of Cri Continued 


haded longwa 


tward: r, reve! g eversed; w, wide; W, very wide , Zeeman patter: 


Term Wavelengt! T 

Intensity Wave No ‘ _— ‘ns i Pern 

. combination Asis Intensit) Wave No combir .t 
ig 


24205. 68 ‘ r*D 1099, 82 liw 24384 

) 1099, 44 Su 24386. 
41099. 02 30 24389. 
1098, 02 Su 24395. 


1130. 10 Lou 
$129. 90 | 24206, 86 


$129. 20 HOW, Z 24210. 96 , 
4198 392 ae ' 1097. 89 20WH 24395 
4128. OS ju 217. 53 a / ‘ 
4097 2w 24397 
1006. é 24406 


639 
1004 } 24413. ; 


20; 
1004 ‘ 24415 
1093. ¢ 24423. 2 
1093 24424 
4092 30, 7 24430 
1000. 47 24440. 2 


1090. 3: 24440 
1000 30, 24441 


1090. 


1089 


4OSS 
4087 
1087. 5 


4086 
1086 
1085 
4085. 7 
1085. 


4084 
1083 
41083. 32 
4081 
4081 


1080. 24499. 5: 
1080 2 24501 
4079 < 24504 
4079 d 24508 
4078 24512. 


1078 y 24514 

4077 24516 

4077 24518. 

4077 214520. 

1108. 1076 24526, 
1106 
4106. 033 : 24347. 5 ; 1075. 921 1! 24527. 
1104. 864 50, 94354. 5 4074. 857 50, 24533. 
( 4074. 5: 24535 

4074. 3: d 24536 

3 


32 j 24543. 


104. 20 t ( 
4073 


4103. S35 30, 24360 
4072. 767 2! 24546. 
1103. 02 24365 a : 4072. 25 3w 24549. 5 
o % ' a'Hs—r %Hj 1071. 10 24556 
> 99 9427 ated 
1102 22 24370 4070. 991 34587. 
& 24376, ( 1070. 065 : 24562. 





Ub. 


HOO 


1065 
4064 
1064 
1063 
1062 
O61 
1060. 
1059 


LODS 


4057 


610 


714 


S4 
7 
646 
093 


778 


W57. : 


157 
1056 
1056, 


$054 
4051 
1050 
1050 


1049 


4049 
1048, 
1046 
1046 
1O45 


145 


M45 


1045 
1044 
1043 


1012 
1042 
141 
W4] 
1040 


1039 
O30 


1039 
1038 


1038 


026 


open 
479 


O83 
784 
758 
187 
75 
61 
17 
12 
152 
684 
92 
246 
795 
04 
753 
5S 
294 
OUS 
832 


TABLE | 


Wavelengths an 


» Shaded Jongward 


Intensity 


24565. 
24567 
24569 
24570 
24572 
575 
576 


odd 


24 
24 
24 


24579. 


24581 


Wave No. 


O4 
04 
OY 
06 


71 


0 
2 
t 


14 


24583. | 


24589 
24593 
24595, 
24604 
24606 
24613 
24619 
24629 


24631 


24636 


24640. 53 


24641 
24643 


24647 


24655 


24676. 37 


27679. 


24681 
24685 
24600 


24691 
24704 


24707. 


24710. ; 


24711 


24727 
24731 
24734 
24739 
24740 


24748 


24749. 


24751. 
24752 


24753. 


haded short ward; 


Term 
combination 


Wavelength 


N 


Aair 


1038 
1037 
1037 
1036 
1035, 


1035 
4035 
1033 
1033 


4033 


41032 
4032 
4031 
4030 
4028 


402 
4028 


4027. 
4027 
10027 


4026. 


4025 
4025. 


4025. 
4025. 


1024 

4024. 
4023. 
4023. 
4022. 


40/22 
4021. 
4019. 
4018, 
1017 


4017. 
1016 
1016. 
1016. 
4015. 


1014. 
1014. 
4012. 
4012. 
4010. 


4010. 
4009. 
4007. 
4004. 


4003. 


9” 
621 
203 
SI 
SS 


21 


74 
13 


oe 


27 
385 
SO 
216 


72 


37 
824 
60 
26 
_. 


402 


673 
44 
45 
00 
983 


836 
411 
43 

697 
916 


! term combinations of Cr I 


» Teversed; /?, strongly reversed o, Wick 


Intensity 


uv 


Continued 


very wide 


4 


Wave No. 


24756 
24760 
24762 


24765 


#2 
ov 


10 


24770. 7 


24774 
24775 


24782. 5: 


24782 


24786 


24790. 7 


24793. 5 


24709 
24802 


24816. 3: 


24818 


24818 


24820. 2: 


24821 
24824. 


24830. 


24831 


24833. 


24834. § 


24837. 


24840. 
24843. 


24845. 5 


24847. 
24852. 


24854 


24860. 
24869, 
24879. 


24882 


24884. 


24888. 2 


24889 
24891. 


24894. § 


24901. 
24903. 


24915. 22 
24918. 2 
24924. 52 


24925. 
24934 
24946 
24963 


24968, 55 


An pattern in tabk 


Term 
combination 





d, Double; A, hazy 


Wavelength 


i 
air 
1O0l 
1000. 


oon) 
3009 
3000 


SOUS 
3007 


3097 
3907 
3006 


S06. * 


3004 
3003 
3002 
3002 


3001 
soul 
3990 
SUSU 


SOS0. 


SUS 
SUSS 


3985 
3084 


3084 


3983 
3983 
3982 
3081. 
3YSI 


3980 
3979 


Intensity 


43 


bl A) 


3979. 3° 


3979. 2: 


3978 


3078. 2: 


3976 
3976. 
3976. 


3975. 5 


3975 
3974. 
3973. 
3973. 


3972 


200k 


18 
20 


TABLe | 


Wave 


vied ng war? 


No 


24083. ! 


24086. ' 


24989. 2 


24993. 35 


24004. ¢ 


S000 


SOO. | 


S006, | 


25011 
25012 


5016. 2 
95028. 5 


25030. 
25037 
25042 


25045 


25048 
25054 
25055 


25057 


25004 
25065 


25086 


25080, 2 


25001 


25093 
25008 


25102 


25106. : 
25110. 7 


25129. 7 


25139. 5 


25141 
25143 


25146 


avelengths and term combinations of Cri 


hortward; r, reversed; F, strot 


Term 
combination 


Wavelet 
P 


3972 
3971 
3970 
3970 
3970 
3909. 
3969 
3968 
3967 


3967 


3967 


x} 
ily 


wth 


35 
206 
73 
30 
Ob 
748 
Ob4 
64 
34 


3965. § 


3965 
3965. 
3964 
3964 
39604 
3963 
3963 


3962 


3962 


3960. 7 


3959. 
3958 
3958. 


3957 
3956. 
3956 
3954 
3954 


3953 


3953. 
3952. 398 


3951 
3951 


3950 
3949 
3949 
3948 
3947 
3947 
3946. 
3945 


3945. 


3944 


3944 
3943. 


3943. 


3942 
3941 


767 
O94 


32 

. 655 
60 

. 862 
86 


.12 
. 44 
967 
50 
90 


. 25 

. 618 
221 
. 82 

. 499 


ersed; w, wick 


Intensity 


200R 
11 


Wy 


Continued 


Wave 


25166 


4 
sO 


25173. 7 


25177 


25179. ; 


25181 
25183 
25187 


25190. 


25198. 7 


25199 


25200 
25207 
25208 
25212 


25214 


25257 
25260. 
25268 
25270. 
25277. 


25279. 9- 


25284 
25289 
25293 
25298 
25302 
25307 
25311 
25311 


25316. 
25323. 
25327. 
25332. 


31 


27 
53 
88 
61 
04 


78 
15 


25335. 
25338. 
25342. 


25346 


25350. : 
25352. 
25355. 


25363 


Tern 
combinat 


D 

Pp 
b°D, 
b3P, 
boD 
b3G, 


a iP, 
a sp, 
y *Pj 
b D, 
b 7H, 


b3G, 
c8F, 





















































































Se eee 






























Pe ER NRE Om — 






















MOL = 


M0 


163 


oO 


104 
165 
10 
85 


7. 608 


Intensity 





te 










200R, Z 
10 
3w 
75 


TABLE 1 


25366 


25380 


25384 


25389 


25397 


25398 


25402. 2 


25412 
25417 


25418 


25420. 2 


25422. 
25425. 
25430. 
25436. 
25440 
25446 
25450 


25451 


25459. 7 


25464. 
25466, 
25470. 
2471. 


25472. 


25476. 7 


25479. ; 


25481 


25481 


25485. ; 
25487. 


25489. 
25493. 
25496. 


25502. ¢ 


25508. 


25% 
25% 
25 


515. 
5517 
5518. 


Wavelengths and term combinations of Cri 


W ave No. 


07 
11 
54 
37 
32 
88 
03 
33 


d shortward 


Term 


b 5D, 
b3G 
a °F, 
b Ds, 
b iy 
a ry 
d3V 
a‘p 
/ P 
d 3h 
y°P 
a‘PK, 
y Pi 
a‘pP 
y *P§ 


c®D, 
f Do 
a IG, 


"De 
a 5G, 
b 3G; 
a ®Gy 
cD, 
a 3H; 
c*Ds 
u 7P3 
© SD; 
t ‘Dp, 
a ‘Dp, 
b 5p, 
a ‘D, 
a *P, 
a 3H, 
b ‘D; 


combination 


so we HO me Og wee 


q 8G4 


gD, 
q*Gj 
g°D 
wiG 





wiGi 
r 3F3 


r, reversed; FR, strongly reversed; w, wide; WW, 


Wavelength 







Continued 





i le; Z, Zeeman pattert table 2 


very W 


Term 
Intensity : 
Asie — combination 












3917. 20 3 
3916. 986 35 
3916. 25 100, Z 
3915. 854 100, Z 
3915. 514 25 
3915. 203 i 


3914. 948 Tw 
3914. 70 lw 
3914. 35 10 
3913. 90 lw 
3912. 79 Qh 25550. 00 D;—h'D, 
3912. 36 1 25552. S80 c'§D r 35 
y *P h'D, ’ 


3912. 01 c*D,—o 5F, t 
: c38G r Sit ‘ 
3911. 83 , 7P3—h D, 


3911 







~1 
N 
oN 
oe 
——_— 





3910. 72 12, Z 50 b3D,—v *P 
3910. 56 2 57 acu xr 3K; 
3909. 98 Qw 568. 36 7D3—e 7G 
3908. 762 150r, Z 76. 33 a°*D,—2 *D§ 
3907. 777 30, 77 b3D,—v §P3 







3907. 26 20w, Z 25586. 06 mn . 

(| chm? HE 
3906. 94 3w 25588. 26 a ®G;—y*D3 
3906. 45 3 25591. 46 a *G.—y*D3 
3904. 407 5 25604. 86 allg—t ®G} 
3904. 006 10 25607. 49 a ®F,—u3Gj 
3903. 171 50, Z 25612. 96 a‘D,—2°Di 
3902. 911 125, Z 25614. 67 aD,—2°D3 


25618. 94 
25620. 65 
2w 25627. 55 


3902. 26 10 
3902. 00 75 
3900. 95 


3899. 23 fw 25638. 85S 
3899. 20 tw 25639. 05 a{H,— w'Gj 
3899. 012 5 25640. 29 a®F,—u%Gj 
3898. 40 Sw 25644. 31 
3898. 29 2h 25645. 03 
3897. 66 75, Z 25649. 18 
3897. 42 4 25650. 76 a°*G,—y*D3 ‘ 
3897. 008 5 25653. 47 a®G;—y?D5 
3896. 67 10 25655. 70 a ®*F,—u8Gj 
3896. 48 5 25656. 94 a®G,— y*D$ 
3894. 89 1 25667. 42 b3F,—t 3Hy 
3894. 57 Sh oreso 54 \{ @)Fs—™ 3Gj 
« v4. O06 on 200079. 0 1 ¢ 1G. » HE 
3894. 039 100, Z 25673. 03 a*Dy— 2 *D} 
3893. 50 3 25676. 58 aPy—z *Di 
3893. 25 6w 25678. 24 
3893. 14 5h 25678. 96 2 '*Py—g's 
3892. 87 2 25680. 74 

3 i 
3891. 932  100w, Z 25686. 93 1 a*Hy 2 °F i 
am . Ur 9nR09 A jz 7Dzi—e "Ug 
3891. 06 TWH 25692. 69 Ly 7P3—h 7D, 
3890. 826 20, Z 25694. 23 b3D,—v 3Pi 


TABLE 1. Wavelengths and term combinations of Cr 1—Continued 


d, Double; A, hazy; H, very hazy; /, shaded longward; s, shaded shortward; r, reversed; FR, strongly reversed; w, wide; W’, very wide; 7, Zeeman pattert 





Term Wavelength Intensity Wave No. _— 


Wavelength , XN 
Intensity Wave at ‘ombination Asir combinat 


\ 


Aair 


3890. 7: 2560.93 { “oF > a a Rg a > 
a0 25008 71 | eo, | aman | cow | 250000 {8 
3888 25710. 32 Py UGS 3869. 4 25837. 
3888 2: 19 0 °F 3 3868. 2 25842. 
$886 50, Z 25720. 84 ‘D,—z° 3868. 25 25844 
as 25725 f" 3868. 2 7 25844 
S885 257: : 3867. 7: 4w 25847 

3866 5wh 25852 


ager : ‘ re oa 
3885 100u ‘ ’ ae @ 3865. 20wh 25859 


3884. 67 Re 
3854 Su 3865. 0: twh 25865 
BSM4. 45 10w 57 Fb one . - 

ete 3563. ‘ 5h 25872 
3883. 664 100W 


3863. 6 L5wh 25871 . 
; 3863. ! 10wh 25875. | 
3883. 289 200W, Z 2: . 3862. | 30, Z 25882. ; 


3882 3862. 26 3h 25884 
38] 3861. 2h 25886. 9! 
asst 3860. l 25896. 2 
agen, 3! 3860. 18 258908, 
BR58. 8! 5oW 25906. 

3870 

3857. 100w, Z 25915. 
3878 25772. ( - 3856. 7: 30 25921 
60 25924. ; 
100 25929. 


50, Z 25931. 


5Ow 25934. 
WJ 259% 
25780 i : 1O ‘ Z 25938 
. q 50, Z 25945. 2 
25783 Sw 25948. 


15 25949. 


. 221 Z 25951. 7 
60 a 5 . 06 25953. 
. = } ip . 29 25957. Of 
38 9: : , : . 90 25960. 
. 20 ‘ ™s . 54 25963 
76. 12 
. 26 5 25064. 
. 029 200 W 25966. 
. 541 100W, Z 25969. 


. 35 175W, Z 25971. 


. 983 150W 25973. 


25802. 16 ) 5S ae 4w 25981. 
. 38 10WH 25984. ¢ 
. 41 lw 25990. 
| . 18 lw 25992. 
' 25812. 02 ‘D3 "D, 47 lw 25997. 


25808. 63 





TABLE 1. Wavelengths and term combinations of Cr 1—Continued 
g , 


hazy; H, very hazy; /, shaded longward; s, shaded shortward; r, reversed; R, strongly reversed; w, wide; W’, very wide; 7, Zeeman pattern int able 2. 


— Term Wavelength Intensity Wave No. rerm 


ntensity ; , . 
I : combination Asie combination 





4 26008 b3F,— us D3 3812. 76 5w 26220. : 
10 26009. @ a 3F,— w F§ 2219 95K m= 4s 96992 7 b3G,—v 8G 
a §P,— uF} 3812. 259 pain 26228. a 5F,—2z 'Hj 
a §Gs— w FY 3811. 94 5 26225. a3Gsy— wi FY 
1H 26023. 7- 3810. 26 26237. 5 
a 5P;—v5 3809. 487 2 26242. T,—2 'H§ 


20W 26020. 


200W, 2 26025 
3807. 924 Z 26253. sp 1D; 
26029. 5 5h: 3806. 83 50, Z 26261 ,—v 9G5 
26047. ¥ oF 3806. 558 18 26262. 8° SD, 
26048. ; 3805. 91 _2w 26267. 
26049. | 3804. SO1 150, Z 26275, 
26051 
3803. 02 Shl 26287 
- 3802. 2% 7h 26292 
26056. 5 : 2 3801. ¢ 3h 26298 
38 ( Al, 2 26300 
26060 3801 10Al, Z i301 
26070 : Fs 3800. 65 LOA 26303. 85 
26077. : , 
26078 3799. 2% 15w 26313 
3797 100, Z 26324 
26080. 7 vase x sie 
26083 »3p,—u 3797. « 26326, 
26086 1D, — 2 3Pi 3797. 1: 26328 
26087. 3796. § ; 26329. 2 
26091. 
3796. S83: 26330 
3795. 7$§ ) 26337. 5: 
26095. 2: a'®D z §P3 3794. 61% 26345. 


26102. 2 *D§ iF, 3793 : 26350. ! 
( b3D, 3793. 54! 26353 
b37H, 
b3D, 
b 3H, 


26112. 6 3792. 86 2w 26357. 


26104 


26105 3793. 4 5 26354 


3792. 4: ) 26360. 9: 
26116. 7 ajtG se NG, ait 
27 26126. a ®P.—u5F 3792. 14: 26362 
398 f 26133 a5P; : 3791. 3 26368 
519 35, Z 26146. 5: a *Dp—2z 
M4 3w 26151 3791. 1: 26369 


096 } 26156. 26 a 5G; 
586 2 26159 ‘ a Gy 
39 ) 26161. Of a *Ge 
21 26162. 3: a ®Gy 
872 30 26164. 6 a °C, 


3790. 26374 


3790. 22: 3 26376. 2 
3789 ¢ 26379. 7 
3789. 5 5w 26381 
60 5w 26166. 5 
16 20, Z 26167. 46 a °G;— w5 F 3789. 26384 
97 35 26170. 82 | a *G,—w*°Fs 3788. 26385 
3w 26171. 4: a P; “ wie 
100, Z 26173. | a 5P, 3788. 26391 
. , 3786. 26404 
, 26174.65 | oF, 3783. 26419 
4h 26178 
60 26181. f a*Gs—wits 3783. 26421. 
a *Gy— wk § 3782. 26426. 8: 
3w 26182. 6 3780. 26440. 
40, Z 26185. : a 5Ge—w'F3 3780. 5w 26442. 
3780. ; 26446. 7 


26186. 

108 Gs SF . 26447. 5! 
26196. 7 ‘Gi- wh 3777. 26462 
26201. a*P,;—t 5F 3777. : 26462. 
26207. 5! b 3G;—v °G§ i3i. : 26464 
26215. 22 a'!G,y—s °F 3777 2: 26466. 























3768 
3768 


3768 


3767 
3766. 


3765. 


3765 


3764 


3761 


3759 


3 


3755. ! 
3754. § 


3753. 


3751 


3750. 1 


3749. ( 


3748. 1 





3746. 


3744 








3766, 5 
3766 


3763. 2 
3762. 5 


3760. 2 


3759. 2 
3758. 7 


3756. 5 


3750. 7§ 


3749. 7: 


3748. 6 


3743. 57 


60 


237 


OS 


133 


99 








3752. 84 
3752. 72 


3752. 33 
3751.7 


3747. 84 
3747. 25 
3746. 37 
3745. 08 


95 


3744, 83 


3744. 492 
3744. 33 
3743. 887 


PaBLe | 


ed gward 


Wave No 


26470. 23 
26474. 37 
26485 
26503. 54 


26524. 77 





26526. 61 
26527. 54 


26530. 10 
26531. 20 


26535. 76 


26538. 88 
26541. 91 
26543. 18 
26547. 13 
26548. 04 


26555. 69 
26565. 04 
26570. 48 
26578. 39 
26586. 24 


26591. 82 
26593. 59 
26597. 3 

26598. 1 
26602. 06 


26604. 78 
26605. ¢ 
26608, : 
26610. 79 
26612 


26617. 83 
26624. 33 
26631. 49 
26638. 94 
26639. 80 


26642. 56 
26646. 48 
26650. 55 
26653. 50 
26658. 12 
26661. 04 
26666. 23 
26669. 00 
26672. 13 
26674. 48 


26678. 68 
26681. 03 
26684. 95 


26694. 14 
26695. O07 
26695, 92 
26698. 33 
26699. 49 
26702. 65 


26704. 91 


4 


hadk 


Term 





combination 


a 


( 


ID, 


1 5P, 


Gy 
Gy 


G 
G 
Cy 
G 
G 
Gy 
Gy 
Gy 
Cy 


iF, 


3) 
iD 
‘D 


Yr 
r 


> HE 


IDs 
3Py 


Gs 
G3 
‘GE 
G3 
G3 


GE 


IG: 
G3 
G3 
IG: 


Hy 


sD; 


z 3P3 


RASH 


RANK 


eh 


* 


* 


Gs 
‘D5 


1p 


IPs 


‘D; 
Fs 
IFS 


5G; 

5G; 

‘Gj 
sD 


3G3 


‘T, 
IDs 


1D; 
Ds 


Ge 
IDs 
‘Gh 
iG: 
5Gi 


5 


Naw 


es es ee 
shim she bin ihn ibe 
S—nmnmrn 





3719 


3718. ; 


3718. 


3717.7 


3717. 


3717. 5: 
3716. 5 
3714. ; 


3712. 5 


3711. 


3711. 55 
3710. 5 


3710. 
3710. 


3709. § 


3708. 


3707. 8: 
3706. { 
3706. | 
3705. § 


3705. 7 


3705. 


3704. § 


3704. 
3702 





Wavelength 


> +c 
Hts 


99 
13 


63 
03 
64 
805 
86 


26 


. 86 
. 289 
». 845 


934 


64 





Wavelengths and term combinations of Cri 


Intensity 


Continued 


d shortward; r, reversed; PR, strongly re versed; w, 


30, 


Oe 10 


3w 


50 


3w 


3w 


3w 
Sw 


wide; W, 


7 


“4 


26709. 18 
26713. 
26715. 7 
26716. 


26729 
26731 
26737 
26755, 
26764 


26765 


26769. 


26771. 52 


26774 


26777. 


26780. 


26783. 


26787 
26790 


26796. ‘ 


26803 


very wide; 


Wave No. 


O04 


18 


16 






76 
90 
&3 
53 
39 
62 
52 
$2 
37 


67 


26807. 37 


27810. 2 


26814. 35 


26824. 7 


26831. 31 
26838. 54 
26847. 47 
26848. 87 
26853. 76 
26860. 93 
26878. O8 
26884. 44 
26888. 49 


26890. ¢ 


26891. 23 
26891. 60 
26899. 27 
26914. 69 
26928. 25 
26934. 85 
26935. 29 
26942. 25 
26945. 45 
26945. 96 
26946. 97 
26960. 71 
26962. 16 
26969. 02 
26969. 65 
26976. 06 


26977. 


26982 


26983. 56 


26985. 
26999 





44 
36 


4 


OF 


{ 


Tern 
com binat 


a Gs 


a ip 


b Se 
56 *D 
ce 4G; 
b I, 
a PF, 
¢ ‘—p, 
a 5K, 
b°D, 


a 

a 5F, 
a 5F, 
a Dp 

a 5F, 
a °F 

a 5F, 


63H, 
( 3D; 


5 5D, 


b Gy, 
a *P, 


b°H; 
b’D, 


b 5D, 


b*H, 
b *Do 


b 3Gs 
b 5D, 
b4G, 


65D, 


7, Zeeman patterr 


p H 
D 

s ‘fp 
8 3F; 
Fj 

D 

Pp 

s *F; 
z 5P 
8 IF: 
s 5} 
s 3} 
v'D 
s 3} 
s 5F 
s *] 
r 3H; 
pk 
wip 
r °H; 
r 5H; 
r 5Dj 
r*Dj 
r 5); 
pry 
w'D 
—riH 
w'*P 




























































































































Hi 
P 











P 













> SA 






















Pete Sey 













































3676 


ength 
air 
02. 158 
01. 33 
700. 395 
700, OSS 
9 12 
iS, IN 
007, 45 
697. 15 
696. 70 
195. 86 
604, 65 
3604. 124 
3693. 57 
1693. 09 
692. 72 


S689. 65 
OSU, & 
SOSS, ON 
JOSS, 4 

3688, |] 


S687. 58 
3687. 32 


3687. 25 


OF Os 
S74. OF 


s686, S2 


S086. 4] 


3686. 16 
3685, 5 
3685, 2 
S584, OR 


3684, 31 
3683. 66 
3683. 17 
3682. 30 


3681. 69 


3680, 99 


OS0, 19 


3679, 8] 


1679 
3678. 88 
677, 24 
3677. OO 
321 


3676. 14 


3673. 732 


ij 


65S 
os 
. 93 
66 
509. 19 


Ww ce 


3-35 


i, very hazy; 


Intensity 


lhl 


2wl 


20 





TABLE | 


» Shaded longward s, sh 


W ave No. 


27003 62 
27009. 66 
27016. 48 
27018. 73 


27025 79 f 


wile. 


27032. 59 
27038. 00 
27040. 19 
27043. 48 
27049. 63 


27058. 49 
27062. 34 { 
27066. 40 


27069. 92 
27072. 63 


27095 15 
27097. 62 
27100. 07 
27103. 82 
27106. 40 
27110. 36 
27112. 28 


27112. 79 


27114. 11 


27125. 15 
27127. 50 
27129, 49 


27139. 21 
27142. 82 
27149. 24 
27153. 74 


to 
“I 
on 
x 


27164. 80 { 
27167. 61 
27173. 04 
27174. 48 


27193. 39 / 
27194. 73 


27212. 56 


27212. 94 
27213. 68 
27225. 91 
27235. 33 


27246. 24 


Ware 


aided shortw ard; r, re versed; RP, 


Term 
combination 


a3H, 


aH, 
b ‘H, 
c3>D—). 
ajsG, 


b3G, 


a, 
a 5G. 


63D, 
a Gs, 
b 3G, 
e8D, 
a *P, 
a ®Pp, 
a ‘Pp, 
68D, 
a Gs 
a *G, 


a 5G, 


c3D—D, 
a 3p, 
b’D, 


b °F, 
5 3F, 
b 3G, 


b3G, 


63H, 


w3F; 


wiF 


2 3] 


z 3]: 
w*H 3 
e 5F, 


wiHe 
xr 5H3 


23]; 


8 3F3 
t ‘D3 
w*H3 
r 3G3 
u“ SDs 
u® D3 


w'Ps 


8 3Fj 


r 5Hj 


8 Fs 


r*Ds 
r Gj 
wPs 
8 3F 3 


q 3F3 
q 3F3 
v 3Hj 
v 3H: 


q*H3 


le ngths and t rm combinations of Cry 


Way elength 


“air 


3668. 13 
3668. 03 
3667. 36 
3666. 63 
3666. 18 


3665. 981 
3665. 
3664. 
3663. 
3662. 


426 
163 
206 
836 
3662. 376 
3661. 43 
3661, 227 
3659. 976 
3659. 9] 
3656. 97 
3656. 26 
3655. 858 
3653. 916 
3652. 61 


3652. 04 
3651. 36 
3650. 83 
3650. 76 
3650. 47 


3649. 863 
3648. 993 
3648. 5 
3647. 15 
3646. 68 


3646. 158 
3645. 581 
3641. 84 

3641. 466 
3641. 011 


3640. 384 
3639. 80 
3638. 38 
3637. 96 
3637. 82 

3637. 61 

3636. 87 

3636. 588 
3636. 193 
3635. 281 
3634 
3633. 
3633. 
3632. 
3632. 


996 
976 
314 
832 
444 


3629. 
3628. 
3628. 
3626. 
3626. 


389 
299 
054 
335 
208 


Strongly reversed: 





W ick 


Intensity 


20 


50 


20 


30 


m Osa: 


200R 
2h 
3w 


2w 





Continued 


27290, 75 
27293. 50 


27296. 93 
27303. 98 
27305. 50 
27314. 83 
27315. 32 
27337. 28 
27342. 59 
27345. 82 
27360. 1 
27369, 91 


27374. 19 
27379. 28 
27383. 26 
27383. 78 
27385. 96 


27390. 51 
27397. 04 
27400. 49 
27410, 89 
27414. 42 


27418. 35 
27422. 69 
27450, 85 
27453. 67 
27457. 10 


27461. 83 
27466, 24 
27476. 96 
27480. 13 
27481. 19 


27482. 77 
27488. 37 


27490. 50 


27493. 49 
27500. 39 


27502. 53 
27510. 25 
27515. 27 


27518. 92 


02 
30 
16 
27568. 22 
27569. 19 


ery wide; 7 


Zeeman Pattern ir 





Term 
combination 


Dj 
‘G, 
1G, 


*Gy 


Gs 
2 | ™ 


G 


1G; 
sF, 


q i 
v 5D} 
q ‘He 
v5~D 
q °F 
’ 5Ds 
x 5H3 
q *H: 
7 5D; 
v 5—D 
v iD 
v*D 
4 Fs 
9g °D, 
v ®*D; 
~v Dj 
v 5D; 
ul sks 
uD; 
9g *D, 
v 3F; 
u 5 Fs 
u ‘Fs 
y 313 
x *H3 
x 5H3 
u 5F3 
u 5F3 
u SF's 
u Fs 
ut Fs 
u“ SF 
t 5P; 

u SF; 

u SF; 

uP 

2 Ds 
2 Ip 
t 5F; 
t 5Fj 
t 5F; 
y *I; 
s'Dp 





table 



















TABLE 1. Wavelengths and term combinations of Cr 1—Continued 


d, Double; 4, hazy; H, very hazy; /, shaded longward; s, shaded shortward; r, reversed; RF, strongly reversed; w, wide; W, very wide; Z, Zeeman pattern 


Term Wavelength Intensity Wave Ie. Term 


Wavelength ; 
*msity We ve N . j 
Intensit) ave NO combination wa combinati 


Asis 


27574. 04 3574. 38 10H 27968. 9: z 7F3 

27589. 8 » 3 ; dl ecaisin saad 

27591 69 . : 35 27971. : 

10 27974 
j ” F aT: 2 2T97TR 

¢ ‘ « 27620. ! . - dell a. 

_ —— 357: 30 27981 


3620. ) 27616. 46 


3618. 332 27629 s 39 6 27987. 
3617. 947 27632 ) . one ah 27990. 
3617. 37 27636. 5 3! f : 27994. 3! 
3617. 159 27638 F; ars 97995 
26 5 H4e y 276 9 ~< 7 : > we at FIO. 
3615. 646 ’ 1 ; 2: ‘ j 28001 


28008 
28009. 


3615. O75 27654 

3614. 506 27658 3569 
3613. 66 27664. § ; eree <« e . 
3612. 606 3! 27672 7 3568. 5w 28016 
ae , 2768 is—% 56 

3611 81 3568 2uv 28016. 


3610 27692. 6: ' ° 3567. 5 3w 28022. : 
3609 10 27696. % } , 
3609 l 27699. y I; 
3609 10 27700 5G SF 3566. 28033. 
3608 30, Z 27705 ; 
3565. 5 } 28038. 2 

3608 2 
3605. 32 1000R, Z s 7P3 3565 28041 
3604 ( "3 3565. 28041 

oa 3564. 28042. 


3604 27734. § 
' 1—w 3564. 28044. 
3603. 7 ean 3564. 1; 28048. 
| ‘Ps 3563. ? 28056. 
3562. S87 28059, 
3602. ! 3562. 28062. 
3601. 65: 5. 27757. 1: iP, ; r 
2601 2 , pa hs eR, 3562. & Zz 28063 
3600 97763 : 3561. 2w 28067. 
3600 : 7 . 3560. § 3wh 28074. 
3560. 4: 3wh 28078. 5 
3599 : 27 5 3 ; 3560. ¢ 5 28079. 
3598 ; 
3598 5 : 277 Qs 3559. 7 20, Z 28083. 
3598 2778: 3559. 14 2H 28089. 
8595. Th 27202. 67 SF's 5 1 28091 
2 3F 3 3558. ! 1OWH 28093 
4 3H 28095. ; 
3594. 31 S 
3593. 481  2000R 27820. : : f 3556. 9: 3w 28106. 
3590. 33 Twh 27 ort 3 28107. 
. - 5 3556. 1: 9 28112. 
lw 28113. 


10 28115. 2 


3588. 726 3 
3587. O1 lw 


3586. 23 27876. 51 |; 7.4 3555 8 28116 
3584, 337 27891. 24 2 "Fi—e "Gy SOOO. 5 28118 7 
3583. 74 27895. 88 ) 554. 7 28123. 
3582. 613 2: 27904. 65 , p o04. 3S 28126. 2: 
3582. 15 27908 26 3553. 95: 10 28129 


2 27913. 95 3552. 95 7w 28137. 
3000R, Z 27935. 30 Ss ’ 3552. 7% 5WH 28139. 
27964. 49 eS 2 28143. 
27965. 67 ‘Pi — y 583 3551. 46 2 | 28149, 

27966. 73 3550. 6: 20w, Z 28156. 





TABLE 1. Wavelengths and term combinations of Cr 1 Continued 


hazy: H, very hazy; /, shaded longw ard: s, shaded shortward; r, reversed; R, strongly reversed: w, wide; W, very wide; 7, Zeeman pattern in table 2- 


Term 


ig Ter W lengt 
ength Intensity Wave No. Term avelength 
’ combination 


. , tens Wave N 
combination ES Intensity Vave No 


tw 28157 2 2 s Fs 8513. & on 28450 a ‘D u +. 

4wh 28166. : fas og a*D,— uP 
oe , 513. ¢ 28453. ; a sD, ul SP; 

4wh 28169. *F 7 3512. 7 ’ 28460 a*D,—43 

{ 28171 : 3515 28460. : at%H,.—vilk 

6wh 28177 2 'F 7G 35 de : /; 28477. 5 a%H,—y 4? 


3 28178. 5 2 D3 : 3510. 42 ‘ 28478. b3D 
3wh 28178. 73 2 7F iF 3510. ¢ 28479. 
2w 28184 2 'F ™D, 3508. ’ 28491 
ud FP 3508. 7 28497 
— 9 
2wh 25190 | 3507. 28504 a‘D, 
Qwh 28195 
: : 3507. 06 28505. 7 a‘bD 
lw 28199 z *P3—1 3506. 5 ‘ 28510 
28201 ee 3503. | 28531 
28204 ‘i 'F 3503. : 28536 aj‘ 
28205. 0% 3503. 05: ‘ 28538 
28211 
3502 Qw 28541. : ‘D, 
3502. : 28544 
3501 < 28549. 5 ~p 
3501. 5 7 28551. 
3501 : < 28551. 


28212 
28223. 5f 
28228 
28235 
28241. 2 


28245. 05 3496. : 5 , 28594 2 
28246. 7! 3496 28595, 
28250. 6 ; iF 3494. 30, 4 28604 
28260 . ; 3493. 2w 2861 2. 
nates 3492. 28627. : 
28262 

3491. 1: ) 28635 
2R265. 3! . 3488. 445 ‘? 2R657. 
28266. 3: 5Ge—i 8 3486 ‘ ‘ 28674 
92968 5 do ’ 3485. 14 : 28685 
aeicigg 3483. § 28695. : 
28288 
28297. « 3483. 51: 28698 
28299 3481. 87 ; 28712 
28308. *$ 3481. 22, 2 28714 
28311 3481 2: 28716 
28327. : 3480. 24; 28725. 
28329 

3479. 33: , 28732 
28332 3479. 25 : 28733 
28336. 16 3479. 12: ; 28734 
28343. 1S 3478. 76: 28737 
28343 cli 3477. 24: 28750. | 
28344. ; 


28356 3477 5 28750 
28364 
28372 
28377 
28378 


3476 2 28759 

3474 28769 

3474. 37; : 28773 

3473 l 28780. | 

28ee8 3472 QIRTSO 

28403. 4: 3472 287 

28405 ‘D, 3472 ; 28787. ; 

28408. 26 ; 73 3471 28797 

9 ‘ 79 3470 28803 My p eG 
28413. ' 2470) 28804. 2 oD 
28416. 5 3470. 528 28805 .—wDt 
28418 5F 3 3470. 39! § 28806 5P,—u D 
28421. 51 | 4, 3469. 588 28813 oT ee 
28423. 5: 15Py— 3469 ’ 28814. 92 ‘P,—usDt 
28436 3469 28817. 1: b §Fy—@q *Gi 








TABLE 1. Wavelengths and term combinations of Cr 1—Continued 


d. Double; 4, hazy; H, very hazy; J, shaded longward; s, shaded shortw ard; r, reversed; RP, strongly reversed; w, wide; W, very wide; 7, Zeeman patterr 


Term Wavelength Intensity in a Term 


Wavelength XN 
Intensity Wave No combination Au combinati 


air 


28820. 67 3431 15 29129. 27 a *G, 
3431 3 29130. a 5F, 

= —- ma 3431. 29131. § astG 
BAG; 2 28835. 0: ; 3] 3431. 58% 5 29132. 7: a *Gy 
28847. 05 1G IGS 3431 29135 a 5G, 


3468 
3467. 71: 22, 28829. 2: 


3465 
3465 25 2ISn49 
3430 29144. 
ote —- 3429 ‘ 29154. 
3465 28851 3427. 6: 29166 
3464 28853. 2: 3427. 29166 
3463. PROB. Bt 
3463 5 2RR6H4. 2 
3462 § 2RSHO. ¢ ; 3425. , 29180. 
3424. 29193. ¢ 
ile ae Si sas . 3423. 29204. 
oe a eS oD 3423. 29205. 
342 29216 
3460. 2: 28889 3421 ‘ 20216. 
3459 3 28900. 6 ,—» 3Gt i tiie 
oe. | U. 04 3421 29217. 
og aoe oe —2 *h 3421. 45 29219. 
3498, US. 2590 7— wl} 3421. 0: 29222. 
ee, mae oe 3419. 8 3w 29232. 3! 
3456. 28924 5k 5G 3419 Qw 29234. 3: 
3455. 607 5 28930. 22 . 
3455. 27: 28933 1G 8G 3418. 8 ) 29241. 5! 
3453. 73 28945 1G,—w®G3 3418. 29242. } 
3453. 3: 28949. : 3417. 2 29248. 
3415. 58 29269. : 
3453. : 28950. 2 3415. / 29271. 5: 


e429 ‘ ee ; + SDs 
3452 28955. 41 s *P3 3414. 3: 29279. 79 


a a aoee 3414. 29282. 02 
3450. 811 : 28970. 42 nate , aaa in 
3449. 10 28984 3412. hay 29297. 69 
-_ 3411. , 29308. 37 
3448. 188 8 28992. 3410 l 29316. 
3447. 762 35 28996 a ®G,— w'G3 
3447. 426 rT 28998. a 5G,—w'G3 3409. 76 29319. ‘ 
3447. 012 2! 29002. 3: a°G,— w'G3 3409. su 29322. 5: 
3446. 03 29010 a*F;—q°D3 3408. 29326. ‘ 
3408. : 29328 
a°G;—w Gi 3408. , 29329. 5: 
nye a ®*G,— wG?t 
3445. 09; 15 29018 a ®G,— wGi P > on ‘ od 
343.779 20, 2 29029. : aH, —z 2H; rae = B ao | 
3442. 592 : 29039. 5§ a°Gs—v 3G} 3407. 23 aoa 
3441. 449 5 29049. 2 @ ae 3406. 87 ? 29344. 07 
6 °G,— 0G; 3405. 217 29358 31 


3441. 109 2: 29052 areG w Gj 

3439. 358 29066 3403. 983 f 29368. 96 

3436.190 5 29003. 70 |{ 4 °Gs—w'G3 3403. 588 29372. 36 
a *G,— w®Gi 3402. 91 29378. 21 

3435. 818 P 29096. 84 |f @°Gs—2 Fi 3401. 72 : 29388. 49 

are a °G,—ax 4Fj 3401. 14 29393. 50 

3435. 676 29098. 05 a ®*G,— w®Gi 


3445. 604 5 29014. 2 


3435. 479 29099. 91 | a °G,—2 9F; Sass. OS sees. & 
aan Ss = oo 3392. 06 2 29472. 18 
sae aia | en | see Bre 
34 r 29108. 26 220n 7A O42 A! 
3434. 30 é 29109. 70 a "P,—wF 3 3390. 766 29483. 43 


3 134. 106 2: 2s 34 a *G,— w5Ge 3389. 44 29494. 97 
3433 68 : 25 96 a *Fy—q *D3 3388. 894 : 29499. 72 
3433. 589 29115. 73 a *G_— w®Gj 3388. 705 29501. 36 
3432 S40 29122. 08 3386. 717 K 29518. 68 
3432. 311 : 29126. 57 a*G,—zx °F 3386. 513 ‘ 29520. 45 





shaded lor 





Seer ee ata ae 


saat AE ange mo <ty S 





Ww 





TABLE 1. 


Wave No 


29530. § 
29536. 7 


29540 


29545. 


9O546. ¢ 


2O5HY. ; 


29565 


29572. 5: 


20578 


20581 


20554 
29601 
20602 


29606 
20608 


29611 
20615. 


20618. « 


a 1620 
29621 
29623 


29624 


29626. 37 
20628. 7 


249630 


20644 


20653. ¢ 


29655 


20656 


29663 


20686. 7 
20697 
29704. 5 
29708. 


29729. 5 


29733. 7 
29752 
29760 
29772. 3: 


29782 
29785 
29800 
29809 
29815 


29818. 
29824. 
29828 
29828 
29835. 79 





gward; s, shade 


20678. 7 


Term 
combination 


a‘D 
a%G 
a Cy 


a 5Fs 


bh Pp, 
a*F, 
b eP, 
a'®Ds, 
b 3 % 
a Cy 
a 5¢ 13 


b®D, 


b°D 
ast 


4 
a I, 


b?'pD 
a*F, 
hop 
b3G 
b P 






hop 


a i 


Wavelengths and term combinations of Cri 


i shortward; r, reversed; R strongly re versed; w, 


Wavelength 


3350. 30 
3349. 322 
3349. 067 
3347. 467 
3346. 79 
3346. 72 
3346. 15 
3346. 008 
3345. 36 
3345. 144 
3344. 507 
3343. 75 
3343. 344 


3343. 2 


3342. 457 
3342. 233 
3342. 025 
3341. 454 
3340. 641 
3338. 677 
3337. 85 
3337. 219 
3336. 0S 
3336. 855 
3336. 72 
3335. 771 
3334. 922 
3334. 78 
3334. 68 
3333. 61 
3333. 50 
3332. SS 
3332. 54 
3331. 19 
3330. 596 


3329 
3328. 
3328 
3327 


3327. 2: 


3327 


3326. 5 


3325 
3324 
3324. 


3323. : 


3321 


3320. ! 
3319. 
3318. 
3318. 
3318. 


3317 
3316 


3316, 


291 


058 
807 


73 
10 
. 06 


60 


Continued 


196 





, very wide 


W ave No. 


29839. 5: 
20848. 2 
20850. 5 
20864 
290870 


29871 


20876. 5: 


29877 
2O883. 5 


20885. 5% 


29891 
208907 
29001 
29902. 7 
20909. 5 


29911 
29913. 


ZOO LS. 5: 


29925 
29943 


290950 
299056 
20058 


2QO59 7 


209060 


29969 
29977 


20078 


20979. § 


20088. 


209080 
2QQ05 


2Q0908. 5 
30010. 7 


30016 


30029 
30032 
30033. 
30046 


30046 





30047. 5 


30052. : 
30060 
30067 
30075 


30082. : 


30101. 
30106. 


30112 
30121 


30123. 37 


30129 


30138. 5: 


30142 
30143 












d, Double; 4, bazy 

















Wavelength 
Asir 























3316, 229 
3315. 20 
3314. 804 
3314. 32 
3314. 19 












































3313. 728 
3313. 023 
3312. 707 
3312. 074 
3311. 30 















































3309. 83 
3309. 238 
3307. 754 


























3305. 232 
3304. 39 























3303. 32 
3302. 874 
3302. 19 
3300. 79 
3208. 39 

















3298. 313 
3297. 33 
3296. 837 
3293. V1 
3293. 83 
































3292. 07 
3201. 39 
3290. 95 
3287. 72 
3286. 355 























3284. 84 
3282. 56 
3280. 36 
3280. 11 


3279. 95 












3279. 344 
3277. 873 
3275. 817 
3275. 73 
3271. 93 


3270. 708 
3267. 038 
3266. 631 
3265. 03 
3265. 34 


3262. 77 
3259. 976 
3259. 61 
3257. 826 
3254. 94 




















3253. 262 
3251. 831 
3251. 582 
3251. 063 
3250. 58 





















Intensity 


TABLE 1. 


Wavelengths and term combinations of Crt 


H, very hazy; (, shaded longward; s, 


Wave No. 


30146. 
30155. 


30159. 


30163 
30164 


30168 
30175 


30178. 


30183 
30190 


09 
44 
05 
15 
63 
St 
26 
14 
90 


96 


30204. 36 


30209 


30223. 3: 


30246. ¢ 


30254 


30263 
30267 


30274. : 


30287 


30309. 


30309 
30315 


30323. 
30350. < 


30351 


30367. ¢ 
30373. 5 


30377 
30407 
30420. 


30434. 
30455. : 
30475. 7 
30478. 
30479. ! 


30485. 


30498 


30517 
30518. 
30554. : 


30565. 6 


30599 


30603. 7 
30610. ¢ 


30615. 


30640 
30666. * 


30669 
30686 


30713. 7 


30729. : 
30743. 
30745. 


30750. 
30754 


SU 
US 


«0 


09 


8&3 
87 
40 


OS 


00 


70 
50 


0 

42 
33 
90 


Term 
combination 


a Do 


a 38) 


a*Gy 
b3°G 
a*Gs 


a‘D, 
b®G, 


a 1G 
a *y 


b *Gis 
a*H,s 
a 1D, 


a IG 
a tH, 
a‘D, 
a*H, 


a 3H, 
a °G, 


a 3H; 


a‘Hs 


t 
t 
t 
" 


shaded shortward; r, reversed; FR, 


‘pi 
5D} 
5D5 
3F3 


*D5 
FS 
Ips 


3F5 
3—Ds 
Ps 


33 > 
aF 5 


aF3 


y 'I3 


IDs 
Fs 


od 
IDs3 


a3 


IDs 


3Fs 


» HG 


‘pi 


SHE 


»3 Ps 


i 


5Hy 


Wavelength 
Xa r 


3249. 223 
3248. 98 
3248. 90 
3247. 278 
3245. 543 


3245. 50 
3244. 713 
3244. 121 


3205. 81 
3198. 116 
3196. 83 
3196. 67 
3192. 287 


3192. 118 
3188. 02 
3184. 02 
3179. 283 
3177. 659 


3175. 598 
3175. 03 


3169. 578 


3168. 745 
3167. 44 


3167. 156 
3164. 492 
3164. 055 
3163. 764 
3160. 617 






strongly reversed; w, wide; Ww, 


Intensity 


20 
30, Z 


N 


to 
ors orb 


N 


to 
= nS he 
onNN 
N 


Now 
=* 
= 


n+ 


Continued 


very wide 


Z, Zeeman pattern i 


Wave No. 


30767. 
30770. 
30770. 
30786. 
30802. 


30803. 
30810. 
30816. 
30830. 
30846 


30863. 
30865. 
30869. 
30873. 
30876. 


30881. « 


30891. 


30899. 7 


30901. 


30907. : 


30919 
30937. 
30958. 


30977. : 


30983. 


31024. 
31047. 
31050. 
31059. 
31064. 


31082. 
31130. 
31137. 
31167 
31171. 


31184. 
31259. 
31271. 
31273. 
31316. 


31318. 
31358. 
31397. 
31444. 
31460. 


31481. 
31486. 


31540. 


31549. 
31562. 


31564. 
31591. 
31595. 
31598. 
31630. 


74 
04 
80 
17 
63 


04 
51 
13 
78 
28 


14 
30 
58 
55 


9S 


SY 


51 

25 
63 
50 
62 


00 
92 
54 
86 
16 


38 
40 
OS 
54 
48 


1a 


le 
4! 
79 
56 
63 


) 


05 
68 


84 


13 
13 


96 
53 
90 
80 
27 


rm 


combinati 


a‘F, 
a oH, 
+ 5 
2 SF 
a*D, 
a*Hy, 


a 5—p, 
a‘H,s 
a *Ds 
a*Hs 
a*Do 


a'P, 
a*H, 


a*Gs 


a *Gs 
b Gs 
a Se, 
a*H, 


z *P3 


a *F, 
a 3P, 


a 3H, 


a 5H, 


a 5S, 
a*P, 
a 5F; 
a *P, 


a 5H; 


a *P, 
a 5H, 
a 5G; 
a *Gy 
a 5H, 
b*P; 


b *Po 


b 3P, . 


a 5H, 


a sHs— 


yi} 
e *P 


u Fj 


usH; 


2 *Dj 
v * D3 
r 3Hy 
v*D 


ose teat 


Bo oa 


Pai 


sna e 


sae 


peels 








TABLE 1. Wavelengths and term combinations of Cr 1—Continued 


h, hazy; H, very hazy; /, shaded longward; s, shaded shortward; r, reversed; R, strongly reversed; w, wide; W, very wide: Z, Zee man pattern in table 2, 


Term 
combination 


ar ren Wenn Mn Term Wavelength 
=a ‘ eo combination N 


air “air 


velength 


Intensity Wave No. 


159. 909 3 31637. 3: b3P,—u Ds 3109. ¢ 20, Z 32151. 87 a 5G3— u G3 
3159. 58 20wh, Z 31640. 65 a*P,—v IDs 3105. § 32188. 
3158. 814 31648. 3: 3105. 5 32190. a ®G,— u?Gs 
3156. 094 y 31675. 5! 3104. J 32199. 86 asG u Gj 
an ‘ 218 b3P,—utD3 3100. 32243. atG 45 
2! 31684. a ‘P,—s 5D3 ‘ 


AE INRA EMER I er 


3099. 32253. 97 a*G;—u*P3 
31684 a ‘Hs z I ‘ 9e 2909088 ly 5p é ‘Pp, 
aaaam f 3098. 2 32266 AG oar 
31701 b3P,—t *D3 3096. 32283 
31706 3096. 32285, a 5P,—s ®P3 
al. . 2005 29D a 5P,—xs 5P 
31706. Sap 3095. 8: 32291 15P;—s 5P3 
3095. 5, Z 32296. a Gs 
31707. a*H,—uH¢ 3094. 28: ) 32308. 32 a3Gy 
31719. ¢ 3092. 2 32323. a'Ds 
31730. 3% a 3D, 33 3092. 32324. 
31744. 8: a*H.—y 'H} 3087. 32378. a®Gy 
31752 
3086. 32386. a Qs 
31781 ; 3084. 575 6 32409. a*F, 
on _, ones ‘P,—s! 3084 2 32415. ! 
39 » & 31793. 49 |; : 3082. 157 10s Al? 32435 
74 2w 31800. 5P,;—s 5 3081. 92 l 32437. a Gy 
885 2,2 31818. } 
36 31834. 26 7F3 3080. : 6, Z 32450. a‘F 
3077. 83: Z 32480. a'F, 
31 f 31855. 3076. 32494. 3:3 a *GQy 
20 f 31856. : 3076. 15 ; 32498. 7 a %P, 
7. 62 : 31862 3074. 465 32516. 56 5G; 
5. 917 31879. 
18 ; 31886. 8) 3074. 1: , 32520. 
3073. 65 25, Z 32524. § 
97 31889. oan ‘ oun 
969 31299, 2 3071. 2 32548. { 
816 1! 31910. ; 3071. 297 ,_Z 32550 
. 213 2 31927. : a‘F, i 3071. 03 : 32552 
76 2 31942. a 5P; 
- 3067. : 32593. 5! 
7. 589 5w 31964. 28 |{ @°Fs : S : esttiniaa 
> | a5P;—v? 3065. 25, Z 32616 
a*H, 3063. 7 32629 
a'F,; 3063. 32631 
998 32011. 26 a*H ang: ‘ 208 
60 32025 ‘Ps 3062. 2 32648, 
63 32035. 5: a*F, 


911 : 31981. 


3061. , 2 32650 
704 32044. aF, ; 3061. 5, Z 32652. 
252 32049. 7 aGs 3061. ‘ 32659. 
18 32050. 3060. : 32663. 
3118. 80 32054. 35 3058. i, Z 32689. 
3118. 13 é 32061. 2: a‘, 
3056. é 32708. ; 
32088. 2: a*Gy, 3055. ; 32723. 1: 
32095. 1! a*I, ; 3054. 32724. 3% 
32099 a*F, 3053. / 32735. 85 
32102, 72 { > %G.—w'ls 3052. ; 32753. 56 
Ly SP3 
2. 962 f 32114. 46 a*F; 
3049 32778. . -y *F§ 
3111. 312 ‘ 32131. 4! ense on : aoons 8 *Gj 
3110. 986 8 32134. a‘Il,—q 3047. | 32800. p *F3 
3110. 866 g 32136. a *Gy 3047. f 32804. uy —t 3GE 
f 5Ppe ome 
3110. 75 5 32137. ; Ls, 3046. : 32814. 2¢ { — 
3109. 81 32147. a*F,— 3046 ‘ 32819. : b*Do—p Ft 









PasBie 1 





d, Double; 4, hazy; H ry hazy shaded longward 





Wavelength Intensity Wave No 


3045. 324 2 32827. 71 
3044. 04 l 32841. 56 
3043. 714 3 32845. 07 
3043. 46 2 32847. 82 
3042. 24 ] 32860. 99 


3040. 837 L00r 32876. 15 
3039. 77 25, Z 32887. 69 
3039. 73 15, Z 32888. 12 
3037. 049 75r, Z 32917. 15 


3036. 707 6 32020. 86 











3035. 55 2 32933. 40 


3034. 191 50, Z 32948. 16 
3031. 498 20, Z 32977. 42 
3031. 346 50, Z 32979. O08 
3030. 25 Z 32091 





3020. 165 50, Z 33002. 83 
3025. 87 3 33038. 75 
3024. 689 12 33051. 66 
3024. 359 125r, Z 33055. 26 


3023. 78 33061 

















3021. 576 200r, Z 33085. 71 
3020. 671 50r, Z 33095. 62 
3019. 39 3 33109. 65 
3018. 827 40r, Z 33115. 83 
3018. 492 Z 33119. 50 
3017. 591 Z 33129. 39 
3016, 29 3 33143. 68 
3015. 197 50r, Z 33155. 70 
3014. 932 75r, Z 33158. 61 
3014. 756 50r, Z 33160. 55 
3013. 72 10r, Z 33171. 95 
3013. 033 20, Z 33179. 51 
3011. 109 7,2 33200. 71 
3010. 22 2 33210. 51 
3009. 16 2 33222. 21 
3007. 045 2 33235. 63 
3006. 86 l 33247. 62 
3005. 06 1Or, Z 33267. 54 
3003. 79 7,2 33281. 60 
3002. 99 2 33290. 47 


3002. 757 2 33293. 05 
3002. 44 l 33206. 56 
3001. 76 l 33304. 11 
3001. 55 l 33306. 44 


3000. 88 5O0r, Z 33313. 87 
2998. 783 40, Z 33337. 17 
2098. 118 & Z 33344. 57 
2006. 571 10r, Z 33361. 78 


bo 


2995. 42 33374. 60 
2995. 094 30r, Z 33378. 22 





2994. 06 25, Z 33389. 75 
2991. 877 30r, Z 33414. 12 
2991. 403 6,Z 33419. 41 
2988. 638 40r, Z 33450. 33 
2986. 466 50r, Z 33474. 66 


ed shortward; r, reversed; R, strongly reversed; w, wide; W, very wide; 7, Zeeman pattern i 


Term 


b®D, 
1D, 
a‘D, 
3p 
2°D 
1°D 
a*H, 
a‘'D, 
bP, 


b°D 
a*Dp 
a‘*H 
a ) 


1°D 
1'D 
a*H, 


a D, 
a‘ép 
b Gy, 
a‘D 
a‘Dp 
a‘Dp 
b3G 
a’Dp 
1°D 
15D 
a’p 
a°*p 
a*p 
b'G 
a‘F, 
a‘]p) 
1°D, 
a *P, 
a‘p 
b 3G, 
b°G, 
15S 
a*p 
a°’s 
b 4G, 
a*D, 
b 4G, 
6 °C, 
a Sy, 
a ‘Ss, 
a*D, 
ba, 


» 
a*D, 


combination 








y *F 
y ®F 
pik; 
r 5P 


a 


2 | 
‘] 


3() 


| 
sy 


13 


Pe 
ds 


™ 
> 


i 





Wavelengths and term combinations of Cr 1—Continued 





























Wavelength 


Asir 


2086. 13 
2986. O1 
2985, 849 
2984. 82 
2984. 014 


2981. 42 
29080. 784 
2078. OS 
2975. 478 


29073 5 l 


2973. 
2971. 102 
2069. 53 
2068, OS 


2968. 2 


2967. 64 
2066. S85 
2063. 74 
2963. 26 
2062 


2961. 77 
2961. 18 
2959. 07 
2957. 28 


2956. 328 


2956. 13 
2952. 15 
2048. 8 
2045. 104 
2943. 12 


2941. 874 
2941. 643 
2941. 03 
2930. 31 
2939. 44 


2938. 83 
2938. 59 
2938. 03 
2935. 534 
2934. 45 


2933. 4 
2932. 5 
2932. 35 
2931. 8 


2931. 30 


2930. 53 
2929. 48 
2927. 77 
2925. 55 


2925. 03 


2922. 12 
2921. 35 
2921. 05 
2919. 74 
2919. 39 











Intensity Wave No 


15, Z 33478. 42 
25r, Z 33479. 77 
20, Z 33481. 57 
3, Z 33493. 11 
7,2 33502. 12 
1 Z 33531. 31 
25r, Z 33538. 47 
l 33558. 77 
30r, Z 33598. 27 
l 33620. 50 


33623. 3: 


25r, Z 33647. 75 
1 33665. 56 
2w 33671. SO 


33680 








15, Z 33687. 00 
7 33695. 97 
hich 33731. 33 
2 33736. SO 


33746. : 





j 33753. 76 
4 33760. 49 
7 33784. 56 
Quwh 33805. O1 
15 33815. 90 
| 33818. 16 
] 33863. 64 
6h 33901, 41 
3 33944. 76 
1 33967. 64 
10 33982. 03 
2 33984. 70 
3 33991. 78 
Sh 34000. 10 
5. Z 34010. 16 
Th 34017. 23 
2 34020. 00 
Ss 34026. 49 
10, Z 34055. 42 
Sh 34068. 00 
6h 34079. 38 
3h 34089. 83 
2h 34092. 39 
l 34098. 20 
l 34104. 61 
l 34113. 57 
4h 34125. 79 
lu 34145. 7: 
5h 34171. 63 


t 34177. 71 





4 34211. 74 
8 34220. 76 
1 34224. 28 
1 34239. 63 
2h 34243. 73 











Term 
com binati« 































aD, y 1 
a‘*D y 5] 
a‘*D, y ‘1 
a 5S, y } 
a jH, t 





































































a *Do y *] 

a 4G,g—v 

a‘*D, yD 
a‘p P ” 
G : 
a‘Dp y 5D) , 
a 3 i 1) ; 
b5D,—r 4D : 
{ a’s 2 52) Pa 
. , a 
a‘[p y 5] ; 
a §S,—y ®D B 
a r - 

a *q, i 3H 
. ‘ 
a‘*F 42D g 
b5D,—r 5Ds5 i 
a3F,—u Dj ei 
a %G,—r 5} i 
Jf a *S,.— y §D5 R 
1 a’S,—25D : 
a *F,—t *D a 
f b 5D. s 3} - 
1 b5D.—s sF; 5 
a*Gs—r 5Fy 3 

a*Fy—xutD 

a 51),—z "Pj 
a 5S, - / D < 
a‘’p z 5H; } 


























b3P,—t 
b*G,—q* 
a*G,—u'D 
a *F,—r *} 


















TABLE 1. Wavelengths and term combinations of Cr 1—Continued 


shaded longward; s, shaded shortward; r, reversed; FP, strongly reversed; w, wide; W, 


velength Intensity Wave No. Ferm Wavelength Intensity Wave No Perm 


combination Asie combination 


34251. : a 3¥ FS 2855. 2% 35013. 31 b3G, 
34257. 2: a‘D,—z 2853 35029. 01 a *P, 
34265. 9: 2853. 8% 35029. 62 a Ds 
aan § 2% | 2851 ‘ 35058. 2! : > 
« mete ‘ ’ 
. 2850. 46 21 35071. 7 b*D, 
34281 a‘p z G5 
34304. 4: b8P, : 2849 , 2 35086. b3IG 
a *F, 2 2846. 35120 
34310 a 3} ‘ 2846 ; 35126 b Gy 
a *D—D,—z 7P3 2845. - 35138. 7 
a‘D,—z 5 2844. 2u 35143 
a 51) 5 
2844. 3! 35146. 7 
b 3P, 2842 35164 
a‘D),—-xz 5 2840. 5, Z 35190 
2840. 35197. 3: 
2839 35213 
2005 
2838. 35219 
2004. 67 vg : 2% r 2F3 2835. 242 35260 
2003. 36 3443: 2835. : 35261 
2002. 44 . : : 5 25 2834 ‘ 35274 
2001, OS é : ‘Gs—r 3F 2832 : 35290 
2001. 65 3445: bP, 
2831 2, 35312. ¢ 
34469. 7 a‘*D,s 5 2830 : 35314 
34476 a %F,—r 3F 2829. 35326. 5: 
34482 a*D,—2z *D; 2829. : 35328. 7 
34493. 6 2828. : 35348. : 
34506 


2000, 25 
2809, OS 
28049, 203 
QSOS, 24 


2897. 14 


no-— 


NP 


yo 


2826 20, Z 35366. 
34511 a *D,.—x 5D; 2825 8 35385. : 
34519. 5: a ay, 3 2824. 8 é 
34524 atG 33 2824. ; 35392. 8! 
34526. 26 2824. 23 35397. 5 
34542. 1! a *Do 


~ 
' 


29806. 756 
2806. O64 
2805. 675 
2805. 50 

2804. 168 


t 
NN So 


to 
= 
= 


2823. 35402 
2893. 254 34553. 0% a‘*D,; 2823. 7 35411 
2891. 42 34574. § a*H, $ 2822. ; 2 35419 
2890. 738 34583. 1; a*G;—r 2821. 76 35428. 
2890. 35 34587 a 'D,— z G3 2821. 6 3 35429. ¢ 
2890. 16 34590. 0: a*y, i 


w 
— 


_ 
| 


35438. ¢ 
35440 
35469. 8% 
35488. ¢ 
35492. ¢ 


2820. 
34600. 2820 
34601. ; a‘D, 5D; 2818. 
34611. 36 a *D,— 2 5G: 2816 
34627. 96 a*D, Ds 2816 
34632 a5P, 


2889. 294 
2889. 219 
2888. 38 
2886. 9905 
2886. 65 


mh 


to SI bo Gr bo 


to 
wNonoc 


2816. 36 35406. 3° 
34653. 9: a Gy J QRI15. : ‘ 35509. 5 
34672. ¢ a*H; 2814. 5k D 35519 
34678. 8: a*P, 3 2813. IRS 35530. 
34698. 3: «*H; i 2813. 55 35531 
34704. 59 a*D, 


2884. 83 
2883. ¢ 
2882. 
2881 
2880. 


_ 
NNmowh + 


~~ 


34707. 00 b3P, ; 2813. l 35533. 


2880. 
2879. 4 
2875. 4 
2873. 
2872. : 


34720. 87 a‘*D, 2811. 35561 
34767. 11 ‘ ; 2810. 50: f 35570. ; 
34794 44 2809. 932 35577. 5f 
34805. 36 2807. 4% 35609. : 


to 
thd 


~o 


tb 


2871. 628 34813. 26 . 2805. 35634 
2871. 023 3 34820. 60 3H} 2805. 1! : 35637 
2870. 175 34830. 88 2 2802. 35670. 
2870. 01 ) 34832. 88 : *D3—f 'F 2802. ¢ ; 35673. : 
2863. 484 ) 34912. 27 2802. j 35678. 30 





Wavelengths and term combinations of Cr 1—Continued 


TABLE | 
_ shaded shortward; r, reversed; R, strongly re versed; w, wide; W, very wide; 7, Zeeman pattern iy 


d, Double; 4, hazy; //, very hazy; /, shaded longward; s 


Term Wavelength Intensity Wave No. Term 


Wavelength . LN : , 
Intensity Wave No. combination air combinatio 


Asir 


pre ( w 31; O86 36259. 49 a*D,—w *} 
2801. 553 35083 3 *G} 77 36263. 64 a*Gy—r 3G 
2801. 385 35686 —v G3 2755. 29 36283. 12 
9201. 13 : 35689. s §D}3 2755. 24 ‘ 36283. 78 a*D, 
2799. 743 : 35707 t 3Dt 821 36289.30 «9G, 
2799. 2 35713 
. 851 { 36315. 27 a®*D,—w5P 
2796. 965 ) 35742. 5: 2752. 21 36323. 72 b®*Ds—q *D; 
2795. 818 2,2 ( w]3 2751. 58 Ss 36332. 03 a®D,—w5P 
2795, 263 ' 35764. 24 a®F,—s *H3 51 ‘ 36346. 17 b *Dy—q 5D; 
2794, 945 35768. 36 . 58 : 36371. 69 a*H;—v *I3 
2793. 87 : 35782. 1: a*G3—s *Dj 
0 *F,— pF 36375. 74 |) sp) _ usp 
2745. ! 36412. 04 at‘H;—s 8G 
a*H;—w #13 2742. K 36445. 94 a*D,—y5G 
a *F,—s *Hj 2742. 36456.78 | a%H,—pv 3: 
a Gs 2741. O73 22, Z 36471. 23 a*H;—v 4I; 


a*D,—w5P 


2793. 78 
2791. 83 
2790. 28 
2790. 092 
2789. 52 


NON eo 
N 


36493. a*H,—v 413 
36509. a 5G; u*y 
36522. a*P,—s *D 
36532. a ®5S.— w 5P} 
36568. a ®Gg— u®G? 


2788. 09 
2787. 843 
2786. 814 
2786. 597 
2784. 63 


cr Oo 
N 


35875. 5 
35900 


a 


a aay 36572. a$P,—z 48} 
2783. 45 ‘ 35916. dod sP, 
? 2733. 36579. a ®Go— p *F3 
2782. 988 ; 35922 ; > . 95 : 36579. a ‘. — 4 5F3 
2782. 7% 35925. s—0 5G 36593. aS, —wP} 
2781. 35045 36618. a *G.— 45 
27! Z 35951 SP; 
ae — . 8 36621. a *G3—43 
e770 23 35969 = 7 36624. 8: a *G,—43 
3-70 - ‘ 3597 1 1. - 2728. - : 36640. z *F3—f "F, 
a778 D1: 35983. 76 2726. 46 5r, Z 36666. : a 5S.— w5P 
2777. 35990 ' 25. 8 36674. z "Fij—f "F; 
2776 36004 5. 3! 36681. a*H,—s 3D 
se oe = ae 2723. 36701. : z *F3—f 7F 
36013 od , a anes Pea eare< a5Gs;— p*Fj 
36016 ? wi 36713. 1G SF 
36027 tees oo vas 
36036. . f 2722. 36725, b®D,—s *HE 
36042. 2721. 3! 36735. a 3F,—t ®P3 


“5 ‘ 


Oo bo bo BO OS 
“3°11 +) +) 


——_ 36766. b*D,—r 5P 
36051. 4 2718. 36779. 9% a 5D,—v P3 
— 2716. 36799. 2! a *F,—¢ Gj 
3607 1. ; iH 2716. 7 36805. : a *D,—v 5P} 
ee a » date 36808 23 |{ @2He—s 3H 
36091 ; wv dOSUS, cx a *Gy ~ pF; 


ae a*H;—s *H 
36814. a *G.—t 3F : 
36823. 7 } 
36828. ! 
36836. 
36843. 


36110. 5: 
36122 
36126 
36137. 
36152 


I 
Fs 
aa 


“joj 93 =] ©] 


Nw Ww Ww t 


36155. 3: CP | 36870. a 3F,—q *Gj 
36164. 1 2710. 16 | 36886. 86| 2 7Fi—} PF. 
36176. 6 2708. : : 36913. 4: b45D,—o °F 

eo ecnng ’ 36914. 
oe 707. | 36920. a *Py—z *8} 

762. 38 36189. | 
: 2 F3—f 'F 
761. 735 36198, . 46 36924. a ‘P,—t *D 
2759. 84 36223. 2706. 531 36936. 7 a*H,—s *H; 
59. 67 36225. 5: 2705. 92 2 36945. 2'F3—f 7F; 
‘ eae in 5 

18 36241 2705. 724 36947. : > .- = 
2758. 236 36244. | 2705. 414 4 36951. 9 a*H,;—s °H 





TABLE 1. Wavelengths and term combinations of Cr 1—Continued 


H, very hazy; l, shaded longward; s, shaded shortward; r, reversed; R, strongly reversed; w, wide; W, very wide; 7, Zeeman patern in table 2 


. Term W avelength Term 
nsity Vave N : t ns ave N 
Intensity Wave ” combination r Intensity Wave _ combination 
ai 


36959. 2655. 05 37652. a*F,—r %H¢ 
36961. 13 He, } 2654. 844 L 37655 a*F;—r *Hj 
36978. 41 } xz 5F 2654. 412 om 37661 
36983. 2 '*F3—f "F 2652. 44 37689 
36989. 35 3 2651. 303 37706 


2704. 89 
2704. 744 
2703. 48 
2703. 11 
2702. 68 


N 


to bo ho th Or 


36991. 56 —s , 2648. 17 : 37750 
5 2646. 82 37769 
2645. ¢ : 37791 


2644. 6: 37801 


2702. 519 
2701. 990 : Z 36998. ! 
2700. 590 37017 
2700. 29 d 37022 
2698. 19 


37050 ‘:D, > 2644. 2: 37806 


2698, 094 37052. 2: a # rote a 
2697. 200 37064 5 ; — , pilaiaitiatgt 
2697. O1 } 37067 r 8G 2640. 2% } 37864 
2696. 534 y 37073 S.—v P; 2640 . 37866 
2696. 135 37079. 1: 2639. 5 5 37874 


2694. 887 37096. ; ; 2639. 4 37875. 
2694. 24 2: r 8G 2638. 37883. 
2693. 90 37105 se Be 2637. 37908. 2 
2693. 62 ) : 3.7 m= 2636. 8° 37912. 
2693. 315 ‘ 8 2636 i 37923 


2635. 37928. 
2635. 37933 
2634. 2: 37950 
2633. ¢ ; 37062. 7 
2633. 37965, 


2692. 441 
2691. 712 
2691. 404 
2690. 82 
2690. 251 


Ow www 
~)stst-I-4 


37166 : 2633. Of 4 37966 
37190 Dp 5 2632. 37968. < 
37193 2632. 06 ‘ 37981. 
37197. 2629 } , 38014 
37210 2627. : 38042. 


2689. &: 
2688. 
2687 
2687. { 
2686. 


tn 
to tN bo to ho 


re 4 P 2626. 6 5. Z 38060. 
2686, ; 54 ‘D3 2625. : f 38079. 2 
2685 ot ee : 2622. 867 18, Z 38114 
2683 3420 : y “its 2622. 38126 
ee ‘ "a2 ‘1 2621. 3s14l 
2620. 7 38144 
2680. 6 2w 37293. 46 2620. 2,2 38149. ¢ 
2680. 3: 37297. ‘Dy ‘F 3 2619. , 38156. 
2679 37: 2619. 38158 
2679. 2 37312. 35 2619. 38163. 7 
2678 ‘F 
2618. 27 5 38181. 7 
2617. 38193 
ol 2616 3w 38208. 
2070. ‘ > . 7 ‘ 38241 
2673. 12 37391. a*D, sende ne 
2671. 37 32 a 5D,—z 5F3 2613. &: 38246. 77 
2671. 17 2 


2677 


— eae : 2613. 38254. : 
2670. 562 < 34. : a 5} 2 2 2612. 38266. ‘ 
a one ooaeh. 66 | 6 "D2 * 2612. 20: 38270 
—— 37465. 5: 2612. 38273. 2 
2665. 10 } 375 . 4 2611. 7: 38277. 
2664. 818 : 375 a*P, 

2611. ‘ 38283. 
2664. 44 37520. a 5S,—v 5Px 2610. 38298. 
2662. 29 - 37550. 44 2609. 38305. 
2660. 006 ) 37582. 7: a%P,—t *P3 2608. 38326. 
2657. 23 ry sain saa 

se 9 pe ; 2605, 82 3836-4. 
2656. 02 37638. 99 a*D,—y *P3 : 





TABLE 1. Wavelengths and term combinations of Cr 1—Continued 


i. shaded longward; s, shaded shortward; r, reversed; R, strongly reversed; w, wide; W, very wide; 7, Zeeman pattern 


Term Wavelength Intensity _— Term 


neth , XN . 
Intensity Wave - combination Asir combinat i 


2605 38370. a‘p 2560 39037 
2604. 7 ; 38380. 5: a ®D, rs 2560 30, 39040. 
2604 ‘ 28380. 8% b 9G, ; 2560 39046 
2603. ! 38397 a®D,—w'F 2559 39065 


2602 38411. 3: i 2557. 82 39084 





2602 } 38413 557. 56 39088. 
2602 ; 38417 Onn ‘ 2009 
2601 é 38422 5 tas gin . :' 
2600 38441 »,— wl ‘ 39105 
2595. 7: 38513 555. 5 39119 
2504 38538 wl] 2555. 4% 39120 
2593 38547. 7: 
2501 Or, 38571 ‘ , 3 299% y 39145. 
2591 ‘ 38581. 23 a 5S, ; 255. ) f 39156 
BS5S4. : 92. 7! 39161 
) 39172. 
2500 BS5S6 2551. 36 y 39183. 
2500. ; 2 38593 ’ 
2500 38597 2G 2550. 39198. 
2588 38625. SFG . _2 39210 
2587 ‘ 38630 39236. 7 
39246 
5S7 : 38635. 7 en re ane 
584 32678 . doe é 39260 
583 38702 
580 , 38740 D ) 3 545. / 39270. 
ae alate 545. 39277. 
2580 S504 D ‘ : 39285. 5 
543. 39310. 
38749 ‘3 2542. 87: 39313. 


2500 


Det ee 


9 
» 
» 
9 


~~ 


38751. 5: + ss : 39328. 
38761. 02 F: 2541. 39332. 2 
38774 ox 

38783 2541. 


AMR ods Do 


veh 


2540. 39350. 
38793. 3: 2540. 39357. 
3SS00 
38814. 2 2538. 9! 
38821 2538. 5é 
38828 ; 2537. 
2536. 5 
2536. 2 


39374. : 
39381. 
39395. 3% 
39412. 5 
39417. 


2th bo to 


n~ 


3SS66 
3SS867 
38872 
3SSS82. 2% 
3SSS06 


to 
who 


2535. 96 j 39420. 
39428. 5 
39461. 5 

‘ 39479. 
2531. 8: 39485. ¢ 


SES Eset rs 
nd ond 0 


hone 
Soe 


2569 38900 
2568 f 38919. 1 ‘—p,— ses oe — 
a 2 ait t. . 2531. 39486.35 | a'D,—z 
GN ~_ . 3x024 Pape 2530. 39506. a‘D,—v 
25GN ‘ 38027 sr ; spre 2529. 39526. a‘D;—z 

, 2528. 39530. 

2528. 56 ‘ 39536. a*D;—» 

2566. 5! 4 38951 
2566 38053. 2 ; "5 2528. 2! 39541. a*D,—v 
2528. é 39544. 76 a*D;—v 
ala, i : Si 2527. : 39551. 
£909. : 35906 2527. 39559. a*D,—v 
2565. 2 ‘ 38971 3 2526. 39567. 


2566. 38050 


2564. 65 } 38979 2523. 2 39616. 5: 

2564. 47 38982 ‘ 2522. 2% 39635. 

2563. 7 , 38995 2520. 2% j 39666. a*D,—ué 
2561 3 39020 2519. 5 39678. ; a*D—u$ 
2561. 3: f 39030. 4: : 2518. 39690. a5D,—v §D 





TABLE 1. Wavelengths and term combinations of Cr 1—Continued 


H, very hazy; /, shaded gward; s, shaded shortward; r, reversed; P, strongly reversed ”, wide; W, very v 


elength 


Wave No Term Wavelength Intensity Wave No Term 


Intensity 
‘ombination Date combination 


39693. 92 2° D.—zx : 2485 ’ 1022s. 66 
39702. 27 D, ¥ 2484 é 10231 
39704 —v SF 2482. 62 10267 
39708 D 5} 2482. 2: ‘ 10273 
39719. 15 )5- ; 2482 ¢ 10277 





39727 2481 2w 10283 
39735. 2: ‘ 2481 10200 
39753 . - 10308 
39771. ; 2475 10311 
39797 247 te 


39812. 63 : ) 10374 
Z9818. 65 ) » SF q 5! 10390 
39820. 86 ‘D,—v SF 474. : 10403 
39822. 7 ) , f 10406 
30844 ) , 3. 5% ) 10415 
30858 2 2470. SS , 10459 
39871. | {s—p? 2470. 27 10469 

5 , 40472 
40478 


2469. 3: 2w 40484 


39879 
2 . 
BUSSD 
S0SS6 


B3OS802. | 2468. 3: 10500 
39902. § 2467. ' $0520. ; 
39908 l 3 2466. 10531 
39919. 1: ‘ u%F5 2466. ¢ $0533 
399041 ( F 2465. , $0540 


39944 D ‘ 2465 $0543. ! 
30047. 2 a*D 2465. 5 5w 10547. 
30951 2465. ¢ ) 40550, 
39957. 4: 2464 10572 
39961. 57 , 2463 f 10580. ! 


$0582. ! 
10622. 2 
10634 
10658 
10664 


39975. 3: 1pi—v 5 2463. ¢ 
39977. ; 5p ) 2460. 
39980 2B) y 3 2460. 2 
39990. 5 »,— u 5F3 2458. 7 
39993 I HH 2458. 


W to to bh 


39904 2457 
39998 ‘ : 2457 10686 
10021. i 2456. ! 40695 
10033 } : 2456. 2 10699 
410047. ‘ —% 2455 , 40709 


10673 


_—— + 


10057 
10066 
40085 
4008S 
40090 


2455. 6 410709 
2453. ; $0751 
2453 40752 
2452. 2 40768. 
2451. 5 : 40778 
$0107 - 74 

40126 5 5K: 2451. f 40781 
40156 5D. SF s 2449. 3w 40807 
40165. ; 2449. 2: 2Qw 40816 
40167. 7: 2447. 40838 
2447. : 40852 


40170. 7 

Q: 2446. 2° 2 410865. 84 
£0198 S. ; 2445. 76 l 410874. 70 
40197. 44 2443. 2: : 10916. 69 
40215. 87 2442. ; : 10932. 43 
40221. 53 5S, 2441. ; 3w 10949. 36 





TABLE 1. Wavelengths and term combinations of Cr 1—Continued 
H. very hazy: l, shaded longward; s, shaded shortward; r, reversed; R, strongly reversed; w, wide; W, very wide; 7, Zeeman pattern in t 


d. Double; A, hazy 


, Te Wavelength , , : Term 
Wavelength » Ne Term Intensity Wave No. —. 
aver Intensity Wave No combination Nair one — combinatior 


2386 41895. 20 a*D, 
2385. 7 41903. 28 a‘D, 
11926. a 5S, 


10987. 64 ak ‘Gy 
10992. 01 
41001. 09 2384. 


F Ter: 2383. $1945. 7 a‘D, 
41003. 10 IDs 2382. 41956. aD, 


$1043. 67 iS;—z 5P 

2382. ) 41962. 37 a‘Ds, 
2382. 18 $1965. : 
2381. 11979. 9 a*H, 
2380. 46 11995. 86 a 58, 


42004. 86 aS, 


$1045, 36 
11055. 64 ' Gy 
11066. 09 

11068. 46 iF, IGS 2379. 
11089. 21 »—r §D}j 


Oo GS OS Go So 
RS de de de on 


tho to bo bob 


2379. 85 42006. 65 a‘D, 
52 1G 1G 2379. 42011. 7-¢ a‘D, 
63 2379. 42018. 
57 2 2378. 20 42037. &§ a*H,s 
02 1G G3 2377. 9: 10rh 42040. 36 
10 

2375. 7 42075. a*H, 
5. 75 »s—2 2375. 10wh 42085. 1: 

2375. 5 42091. : aD, 

2373. 5O0rh $2115. 6: a‘D, 
2373. 1% lw, Al? 42125. 7 


of 


41265 


tO BO hbo bO 
te oe oe oe 
to bo bo bo bo 


ons 


2372. 20r 42130. a‘D, 
41280. 5 2371. 18 : 42160. a*H, 
$1287 2370. 5 a‘D, 
11280. 97 2370. 37 3: 42174. a‘D, 
41310 D,— w5G 2368. 4{ ‘ 42208. a‘D, 
$1312. 7 j 
2368. 
$1321 2367. 
41334. 3: 2367. 
2415 : 41388. 2: 2366. 
2415. Of 2w $1393. 7: 2366. 
2412. 3: ’ $1441. 
2366. 1 
2410, : 41478. O05 D GY 2365. ¢ 
2408 3: $1503 D 5P3 2365. 
2408. 6 : $1505. 26 2364. 
2407 $1525 D . ‘ 2362. 1 
2406. } 11549. 5 ( y 3S 
2361. 
2405 11555 . 3 2355. 
2103. 02 11586 2354. 
2401 $1622. 59 2354. 
23909. 5 2 41661. 61 ), 5 2352. 
2399. 2 ‘ 41666. 30 f ) : 


ee oe oe 
bo bo bo tO 


9a% 
2309 11670. 99 . ; 5350. 
2397 2 80 ey 
2306. 717 295 2349. 


'orororcr 


25 ‘DD 5 9« 
396 0 Ly 2349. 
ao ; t + 4 2348. 


2395 ¢ 25, 82 


Or Or Go 
“IW bh or 


ee ee 
bo bo bo bo 
= 
os 


= 


2305 ‘ 726. 29 ‘ » y 3Sy 2348. $2568. 
2305, 27. 51 D IS3 2346. : 42603. 
2392 ‘ 778, 25 a®*D,—é# 5Ps 2345. 42614. : 
9302 ; 33 a°*D, 5 2344. 42642. 85 
2391 3w 11794. 15 oF 2344. 42648. ; 
2390. $1826. 67 2343. 68 42654. 8: 
2389. 4: 41838. 22 0 5PF 2342. 42675. 
2389, 2 bw $1842. 07 r $ 2342. 42683. 
2387. 41872. 74 S G3 2341. 42700. 
2386. ) $1884. 84 2339. 42727 





TABLE lI. Wavele ngths and term combinations of Cr 1+—Continued 


h, hazy; 7/7, very hazy; /, shaded longward; s, shaded shortward; r, reversed: PR, strongly reversed w, wide; W, very wide; 7, Zeeman pattert 


eleng Te Vaveleng Ter 
length erm Wavelength Intensity Cane Wa. rerm 


Intensity Wave N 
. combination Rete combination 


a‘D—D, 2 Oi 2160. 16270 D 
a 5D, — w Fj 2158. 16324. 5¢ ‘D, 

2157. 7 ‘ 16330 dD 
a*D, 5Ds 2155. . 46387 1), 
a*D, D5 2154. 2: 16401. 1: Dp, 


a *D;— w3F 2152. 5 16441. 4: ‘Dp 
; 2152. 27 16447 Dy 
a*Do— uP Di 2150. 2: 16491. ! D, 
2148. 0: 16539 S, 

2144. 4 16621. 8: D, 


43007. 7 
43011 
$3035. 
43082 
43249. ; 


2106. 3: : $7460. ; 
2095. 47698. 5: 
2095 17708 
2095. 2 47717 
2084. 47967. 
13319 2 
13359. 2¢ 1D.—w 2049. ; ; I8781. : 
43366. 2: ‘D,—w 2043. 06 48930. 
413475. } 5 —wP3 2042. 7: : 48938. 5! 
13496. < a5D,- 2039. ¢ 35 49020. 
2038. 98 49028. ; 
13581. 
13621 2038. ‘ 19046, 
$3690. 2037. 7% 19058. 
43723. ¢ ‘D5 2036. : 19091. | 
13733 2034. 3: 49142. 5: 
2032. 9 49173 
13756. 46 a‘D, 
13759. 7: 2032. 6: 49180 
13813. 2: 2031. ¢ 49214. 37 
43917. ‘ 5p. 5 2 2030. <4 1924] 
43922. § 2029. 4: 5 19259. 2: 
2028. 3: 19285 
13936. 4 5D, 
13969. 
44014. 2 
$4075. 53 aD, 
44085, ‘—D, 


2028. 1: ; 19290. ! 
2026. : $9331 

2025 } 19345. 7 
2005. 76 49840. ‘ 


44096 2004. 19860. 5$ 


44104. 1 ‘—D, 


$4155. 9% ; 2003. 55 5 19895 
44188. a‘D, 2000. 6 : 19968. 7 
44192. 5 3! 19985 
1997. 25 , 50052. ! 
$4201 a*D,—t °D3 1996. 65 50067. 5! 
$4252 a*De 5 
14864 a'D, 
$5022 a‘'D, 5F3 1996. } 50072 
45146 a‘*D,—r 5F3 1995. : 5OLOT 
1993. ‘ 50136 
$5226. 95 a‘®D, F3 1993. 4 Ss 50147 
45260. a *Do , SF 1992. ‘ 50184 
45333 a'*D, . 
$5475. 0: a5D, 


ac  f > - - - 
15545. a‘D 1991. 50197 


1990. 5 : 50220 
1989. 6: s 50244 
1989. ; 50253. 2 
1988. 50276. 5: 


15613. 6: a‘D,—s 
15687. 65 a‘D, 
45713. a‘D, 
15731. 46 aT), 5 
45825, a*D,—s ®P3 Avec: 


45937. 4: a'D,—s ®P3 1916. 2: 
46037. § a*D,—s ®P3 1912. 
46117.7 a‘*D, ‘Ff 1911. 
46228. 8: a‘D, SF 1909. 
46233. 5! a 5D, SF 1908. 





TABLE 1 Wavelengths and term combinations of Cr 1—Continued 
yled shortward; r, reversed; R, strongly reversed; w, wide; W, very wide; 7, Zeeman pattern it 


Term 


Term Wavelength 
combinatio 


Intensity Wave No 
combination Avae- , 


Wavelengt! Intensity Wave No 


1007. 2 52430. 7 a 5] 8 LSS. : 52961. 3 
1906. 67 2 52447. 5 ‘ 1887. 8! 52970. 3 
1903. 5 52532. 9 a‘*D 1887 : 52977. 3 
1003. 3 52540. « 1SS6 53012. 7 
ear LSS3. 53103. 5 
1902. 43 q 52564 
S81. 87 } 53138. 
1805. 7S 52748 a ‘— i ISSO. 34 53180. | 
1893. 59 52809 
1892. 01 52853 
1800. 7S 52SSS. ; 
1889, 20 52032 


oe. * 


+ Li ais 


man effect of Cri 


Wave- Wave- agnetic patterns a 


lengths 


ag » patterns Maenetic patterns 
agnetic patter! lengths lagnetic pattern 


23 


1.50f a . 0.00) 0.93T 4823. 90 0.000) 1.32 
SO 
t 


6661. 10 0.00 

6362. 87 0.20 0.72)7 > | (1.00 53, 2.24 4816. 13 | (0.000) 2 
6330. 13 (0.00) 1.827 7 (0.00 OT 4814. 25 (0.00) 1.10 
6102. 70 0.00° 1.021 5255. 12 | .0.00 32 4810. 71 (0.00) 0.717 
5796. 74 (0.00) O.S7T (0.00) 1.471 4810.58 (0.00) 1.30f 


2 
» 
9 


ta, airs ls atta PO Man, 2 


5791. 00 | (0.00) 1.05AT 5247. 5! (0.00) 2.! 4801. 02 | (0.00) 1.3827 
5753. (0.00) 1.01f 5243. ; (0.00) 1.04, 2.07 4792. 49 | (0.000, 0.288, 0.568) 0.683 
5712 0.00) 1.50t 5238 (0.00) 1.227 0.967, 1.255, 1.545 
5712. 6: (0.00) 1.167 5225.05 | (0.00) 1.677 4766. 63 | (0.00) 0.777 
5702. : (0.00) 1.04f 5224 (0.00. 1.6474 4764. 28 (0.00) 1.07ATt 

4756.09 | (0.000w) O0.988w 
5698. 3% (0.00) 1.08f 5221. 76 0.00 
5694. 75 (0.00) 0.98 AT 5208. 42 P—-B 4752. 06 (0.000) 1.004 
5664 (0.00) 1.01% 5206, P-B 4745. 31 (0.000) 1.006 
5628. 6- (0.00) 0.93 5204 P-B 4737. 33 (0.000) 1.135 
5480. 5 (0.00) 1.07T 5200 (0.00, 0.99) 1.02, 2.077 4730. 69 (0.000, 0.180, 0.375) 0.679, 

0.863, 1.047, 1.234 

5463. 9: 0.00, 0.99.A4 5193. (0.00) 0.80t 4729. 71 (0.000) 1.184 
5442. (0.00 5192 (0.00) 1.37At 
5409. 7 P-B 5177. 42 | (0.00) 1.50f 4727.13 | (0.00) 1.22+ 
5405. 7! 0.00, 5161. 7 (0.00) 2.52 4724. (?) 1.26% 
5405 0.00 53t 5144 ( ? ) 1.53, 2.58T 4718. (0.000D) 0.999.4 
z . 4708. 02 | (0.000D) 0.880A 
5400. : 0.00) 1. 5139 (0.00) 0.79+ 4700. (0.00) 1.50 
5395. % (0.00) d 5072. 93 | (0.00 . . .) 0.95, 2.01f 
5390 0 ,0.00) 1. 5067. 73 | (0.00) 0.94At 4698. (0.00) 0.37+ 
5387. 57 | (0.00) 1.4 5065.92 | ( ? ) 1.63Dt 4698. (0.00) 0.89+ 
5386 0.00) 1. 5051 (0.00) 0.86t 4697. (0.00 .. .) 1.06, 1.32t 
5371 (0.00 7 4693. (0.00) 1.02T ; 
5370. 36 | (0.00) 5018. | (0.00) 1.0 4689. (0.00... .) 0.51, 0.94f 
5368. 53 | (0.00 5013. 31 | (0.00) 1. 
5348. P-B 4985, (0.00) 1. 
5345 P-B 4964 0.00) 2. 
et 4954. § (0.00, 0. 


4680. (0.000) 0.654 
4669. (7) 1.65T 
0.41t 4666. (0.00) 1.87+ 
5340 (0.00 i7 4666. (0.00) 0.58t 
5312. &: (0.47) 1.87 4942. (0.00) 1.87¢ 4652. (0.000, 0.340, 0.670) 0.824, 
5300. 7 (0.00) 7t 4936. : (0.00) 0.43At 1.172, 1.511, 1.841, 2.174 
5298. 29 | P-B 4930. (0.00) 1.20 
5297 (0.00) 1.17 4922. 28 | (0.00) 1.07t 4651. 28 | (0.00, 1.02) 0.51, 1.53, 
4903.25 | ( ? ) 0.38, 0.86 257+ 
5296. 69 | (0.00, 5 4646. (0.000, 0.167, 0.334, 0.508 
nes $887. (0.00) 0.86+ 0.998, 1.170, 1.335, 
5292. ! (0.00 {885 (0.00) 0.617 1.505, 1.674, 1.839, 2.008 
5285. 6 (0.00 4870. 7 (0.00) 0.75t 4639. (0.00) 2.16+ 
5275. : (0.00) 1.1 4861.84 (0.00) 0.997 4626. (1.008) 1.504, 2.515 
5273. 46 | (0.00 1836. 85 | (0.000) 2.350 4625. (0.00) 1.27¢ 


+ 
+ 
t 
+ 


7 
3 
2 
4 
5) 


1 
1 
2 
2 
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TABLE 2. Zeeman effect of Cr 1—Continued 


Wave- Wave- 


Magnetic patterns lenathe Magnetic patterns Magnetic patterns 


lengths 


0.00) 1.04f 4344, 51 0.000, 0.148, 0.303, 0.457) $137. 92 0.00) 1L.28T 
0.00) 1.367 0.892, 1.050, 1.206, $134 0.00) 0.69F 
0.000) 1.518 1.355, 1.498, 1.645, 1.786 1131. 36 0.000) 0.995 
0.336, 0.672) 1.166, 1.502, 4343. ?) 1.28, 1. 96T 4129. : (0.00) 1.22+ 
1.838, 2.173 4340. (0.00) 1.38t $128. 36 (0.00) 1.20f 
0.000) 2.508 $339 (0.00) 0.00+ 
$339. 4: (0.00) 0.75At $126. 5 0.00) 1.317 
0.00) 0.54 $125 (0.00) 1.107 
0.169, 0.337, 0.508) 1.170, 4337. 57 0.00, 0.47) 0.48, 0.97, $123. 35 0.00) 1.187 
1.333, 1.503, 1.669, 1.48¢ $122 0.000) 1.017 
1.842, 2.004 32: 0.00) O.S7t 4121. S82 0.000d?) 1.041 
0.68) 1.63+ 323. 5% 0.00) 1.02t 
0.121) 1.013D 43: j (0.00) 1.65t $121. : 0.00) 1.027 
0.00, 0.33) 1.76, 2.24f 309. 7: (0.00) 1.58t $104. 86 0.00 
1103 0.00 
0.00) 1.447 301. 0.000) 1.0434 1092. 0.00 
0.000, 0.508) 1.496, 2.005, : Hy (0.000) 0.967 1090. 3 0.00 
2.516 299.97 (0.00) 0.94t 
0.000) 0.815 2° 0.00) 0.96t 1077. 6 0.000) 0.890B 
0.77) 1.757 29% 0.00) 1.697 1077. O¢ 0.000) 0.655 
0.000, 0.165, 0.340) 1.277, 4076. 07 | (0.000) 1.021 
1.509, 1.670, 1.836, 2.000 $291. 97 0.00) 0.877 1074. 86 0.000) 1.123 
1289. 73 0.000, 0.334, 0.674) 1.329, 1067. 8: (0.00) 1.07T 
0.000) 1.020 1.668, 2.000, 2.330, 2.667 
0.164, 0.332) 1.668, 1.836, $284. 0.000) 1.005 1066. 93 0.000) 0.848 
2.003, 2.174 4280. 4: 0.00) 0.90T 1065 0.000) 1.029. 
0.00) 1.12 4271. 0.00) 1.18 41060. 65 (0.00) 0.96F 
0.00) 1.267 1058 0.000) 0.849 
0.00) 1.32t 4268, 0.00) 0.70, 1.167 $057. 8: 0.00) 0.90T 
$263. 1: (0.00) 1.20T 
(0.000) 0.968 $255 (0.00) 1.22t 4057. ‘ 0.00) O.86T 
0.000) 1.488 $254. 3: 0.000, 0.255, 0.503, 0.756 1056 0.00) 0.98T 
0.000) 0.956 0.998, 1.248, 1.500, 1.748, 1056 (0.00) O.37AT 
0.27) O0.84t 2.002, 2.256, 2.505 1051. 35 (0.000) 0.997 
0.000, 1.455 4240. 7 (0.000) 1.1554 1049 0.00) 1.004 





th ll Hit {fl nn nih lays lca tidal 


eee lh ae bis POY OR at 


en Se ee ee 


0.000, 0.332, 0.669) 0.999, 
1.335, 1.670, 2.005, 2.361 

0.00, 0.60) 1.01, 1.54f 

0.00) 1.37+ 

0.54) 1.49, 2.08f 

0.00) 1.09F 


0.00) 1.45T 1048 0.00) 1.047 
(0.00) 0.78+* 4039. (0.14) 1.177 
(0.00) O.86T 1025 0.00) 1.077 
0.000) 1.006, 1.060 1022. : 0.00) 0.65T 
(0.00) O.87T 4018. 2% 0.00) 1.577 


we de de oe de 
tN NO tO tO 
tN bo BW Go He 
SON & 


. (0.00) 0.687 4012 0.00) 0.92t 
0.000) 1.497 4217.65 | (0.00) 1.11T 1001. 0.00) 1.077 
0.00) 1.14f 211. ; (0.00) 1.227 3999. 0.00) 1.08f 
(0.00) 1.16AT 209. 76 0.000) 1.127 3992. 8: 0.00) 1.697 
(0.00) 1.16AT 209. : (0.00) 1.04t 3989. 95 (0.00) 1L.16Af 
(0.00) 1.047 
, (0.00) 1.037 3981. 2 P-B 
(0.000) 1.003 4204.48 (0.000) 0.955 3979. § (0.00) 1.56f 
?) 1.56, 2.07, 2.57f .59 (0.00) 0.38t 3971. $ P-B 
(0.00) 1.04t 200. (0.00) 1.247 3958. 0: 0.000) 1.160 
0.277, 0.450, 0.604) 0.910, d .96 (0.00) 2.01T 3941. 5 0.000) 1.497 
1.051, 1.201, 1,348, 
1.497, 1.650, 1.799, 1.936 


0.00) 1.224 3.66 (0.00) 0.92¢ 3930. (0.00) 1.57t 


. 11 | (0.000) 0.948 3928. 6: (0.000) 1.500 


¥ 

‘ ) 9 2996. 66 , 70: 

(0.00) 1.16+ .27 | (0.00) 0.92¢ 3926. 0.000 1.703 
1. 


(0.00) 1.16t 
(0.000) 1.166 
(0.000) 0.824A ee . 
(0.00) 0.99% 79. 27 | (0.00) 0.90t 3916. 2: (0.000) 1.502 

; ' 5. 96 | (0.00) 1.58t 3915.85 | (0.00) 1.19f 
( 52) 0 52, 3. 2.78 | (0.00) 1.14f 3912. (0.00) 1.94f 
eos one” ate eee 70.21 | (0.000) 1.046 3910. 72 | (0.00) 1.26¢ 
(0.506, 1.006) 0.502, 1.002, 39. 84 | (0.000) 1.105A 3908. 76 | (0.000) 1.500 
1.502, 2.010 
(0.000, 0.098, 0.200, 0.304, 55. 52 | (0.000) 1.030 3907. (0.00) 1.76 

0.409) 0.988, 1.102, 33. 63 | (0.00) 1.18 3903. (0.000) 1.405, 1.600 
1.207, 1.309, 1.409, 51.43 | (0.000) 1.0464 3902. (0.00) 1.499 

1.504, 1.603, 1.698 52.78 (0.00) 0.96t 3897. (0.000) 1.018 
(1.499) 0.000, 1.499 $142.19 (0.00) 1.39f 3894. (0.000) 1.500 


. 66 | (0.00) 0.987 3921. 0: (0.000) 510 
. 15 | (0.00) 1.18F 3919. 16 (0.000 503 
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TABLE 2. Zeeman effect of Cr 1—Continued 


Wave- 


Magnetic — 
lengths lagnetic pattern 


Wave- Wave- M ; 
agnetic pe ‘rns Magnetic patterns 
eathe Magnetic pattern lenathe g ’ 


8891. 93 0.000) 0.989.4 3508. 09 | (0.443, 0.586)? 3148. 44 | (0.000C) 0.911B 
3890. 83. (0.000, 0.292) 0.992, 1.269 3494. 96 | (0.000) 1.027 3144. 39 | (0.000) 0.487 
3886. 80 | (0.000) 1.501 3488. 44 | (0.000, 0.157, 0.315, 0.474, 3141. 88 | (0.090) 1.062 
8885. 24 | (0.000) 1.494 0.635) 0.963, 1.116, 3119. 7 (0.000) 0.848 
3885. 20 (0.000) 1.502 1.277, 1.440, 1.585 3119. 25 | (0.068) 1.133 
3481. 54 | (0.000) 1.181 
8883. 29 (0.000) 1.497 3481. 3 (0.33) 1.12T 3110. (0.113) 1.090 
879. 2: 0.00 0.50, 1.83 3109. : (0.238B) O.813D 
3874 35 | (0.00) LISt —— 3104. (0.000, 0.231, 0.448 
2889 F 0.00) L71t 3476. 17 | (0.000) 1.190 , 3095. 38 | (0.000) 0.817 
as? 63 | P_B 3472. (0.075, 0.219, 0.384, | 3087.53 | (0.000) 1.201 
— 0.503)? 
ars an | (0.00) 2574 3468. (0.000) 0.697 3080. 7i | (0.391, 0.579)? 
sa04 23|P-B 3467. 0.000) 1.032 3077. 84 | (0.000W’, D) 1.258, 1.375 
32 19 | P-B 3A 0.000) 1.002 3073. 68 | (0.000) 1.228 
2829 99 | (0.000) 1.505 3071. 30 | (0.000) 1.099 
3849. 5 0.00) 1.62¢ 3443.78 (0.201) 0.847D 3065. 06 (0.000, 0.116, 0.225) 1.01028 
(0.000) 1.230 : 
(0.00) 1.244 3412. 26 | (0.000) 1.063 yore ~ yoy oan 
ane Oke 3396. 02 (0.000) 0.992 3061. 64 | (0.000) 1.042 
a ee ere! — 3365. 52 (0.000) 0.889 3058. (0.097)? 
“r+ gh gates Tout 3053. 87 | (0.000, 0.173, 0.330, 0.459 
(0.000) 1.508 ie sal ai Ls ' 1.011, 1.164, 1.324 
(0.000) 1.502 oodl,. ¢ (0.354, 0.650, 0.996) 1.006, 3052. (0.000, 0.204, 0.408, 0.62! 
(0.00) 1.167 1.326, 1.628, 1.985, 2.209, 1.267. 1.476. 1.696 
2.513 ‘ i 
(0.001) 0.00¢ 3346. 79 | (0.000) 0.922 3039. (0.000) 1.239 
0.00) 1.27¢ 3346. 72 | (0.000) 1.013 3039.73 | (0.120) 1.104 
(0.000) 0.750 3343. ; (0.00) 1.05 3037. 0: 0.142, 0.300, 0.472, 0.636 
0.000) 1.057 333: (0.215, 0.304) 1.012D 0.895, 1.044, 1.206, 1.360, 
(0.00) 1.46f 1.512, 1.662, 1.823, 1.955 
2330. 6 (0.000) 0.7 782 3034. 1 (0.201, 0.343, 0.492) 1.432 
0.000) 1.207 3329. 06 | (0.125) 3031. { (0.000) 0.900 
(0.000) 1.494 3396. 5 (0.000) i 
(0.00) 0.86+ 3259. 9 (0.348, 0.526, 0.722, 0.841, 3031. 35 | (0.000, 1.456) 0.000, 1.456 
(0.00) 1.47f 1.080) 0.201, 0.379, 2.952 a 
0.00) 1.04t 0.559, 0.737, 0.894, 3030. 2: (0.230, 0.480, 0.741) 0.734 
1.081, 1.268, 1.439, 1.013, 1.257, 1.501, 1.729, 
(0.00) 1.35¢ 1.607, 1.784 ’ 1957 SC 
P_-B 3257. 83 | (0.58) 1.177 3029. (0.000, 0.932) 0.547. 1.492, 
0.000) 1.108 2.463 
0.057) 1487 3253. 26 | (0.000) 1.1: 3021. 58 | (0.438) 0.9194 
3251. 83 | (0.137) 
- 58 | (0.155)? 3020. 67 | (1.492) 0.000, 1.492 
ar 0.63} 3247. 2 ed ry A 461) 0.570, 3018 83 | (0.001) 1.898t 
‘ ” 4 S240. ¢ (0.205, 0.331, 0.461) 0.570, | 3018.49 | (0.939) 1.541, 2.552 
wy et wr 0.681, 0.810, 0.932, 1.056, | 3017.59 | (0.00W) 0.865, 1.034, 
(0.627) 0524 °° —— 1.190, 1.345, 1.540, 1.692, 
ean on a4 1.852 
3608 (0.00) 0.60T 3944. (0.322, 0.501) 1.731 3015. (0.00) 0.00 
eank 2 es ea, 1 240 3237. 73 | (0.260, 0.412, 0.557) 0.687, F , s 
3605. : ey yr re ny 0.811, 0.930, 1.059, 1.172, 3014. (0.000, 0.248, 0.451) 0.757, 
3601. 65 | (0.00) ' j 46+ apatite 1.272 1.011, 1.264, 1.502 
3500 40 | (0.000) 1.456 3233. 24 | (. . ., 0.351) 0.849, 1.502 | 3014. (0.00) 1.58 
3593. 48 | (0.074, 0. 166, 0.258) 1.74 ™ 3229. 21 | (0.000) 1.040 3013. 72 | (0.00) 1.267 
oOo, . 943 1'929, 201 ie 3219. 62 | (0.000) 1.919 3013. 0: (0.000) 2.468 
Ys . 3011. (0.000) 0.983 


2.107, 2.203 
3211. 32 | (0.000d?) 0.937B 3005. (0.000) 1.491 
(0.492, 0.752, 1.084)? 3198.12 | (0.000, 0.175, 0.358) 0.947, 3003. (0.000) 1.024 
(0.000, 0.256, 0.509, 0.764) |. | 1.137, 1.329, 1.469 3000. (0.000) 1.501 
1.002, 1.250, 1.505, | 3192.12 | (0.000, 0.672, 1.319) 0.000, | 9998. (0.000, 0.474) 1.546, 2.010, 
1.758, 2.008, 2.266, 2.511 a 0.672, 1.319 2.512 
(0.00) 1.38t 3167. 44 | (0.000) 0.548 98. (0.000), 1.176 
| (0.000) 1.177 3163. 76 (0.000w) 1.027, 1.164 
(0.000) 1.512 996. 57 | (0.000) 1.498 
3160. 62 ‘ (0.48, 0.94) 1.07, 1.51, 
(0.000) 1.474 3159.58 (0.000D) 0.718A | 1.97, 2.47 
(0.000, 0.264) 0.844, 1.177 3155.16 (0.000) 0.995 .06 | (0.76, 1.41) 0.67, 1.29, 
(0.000) 1.014 3103. 55 | (0.000, 0.194, 0.391) 1.073, 2.07, 2.78 
(0.000) 1.1888 1.283 991. (0.000) 1.501 
(0.000) 1.016 3152.89 | (0. 135) 1.119 , (0.000) 1.039 
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TABLE 2. Zeeman effect of Cr 1—Continued 


Wave- 


lengths 


Wave- 


Magnetic patterns 
I etic pattern lengths 


Magnetic patterns 


2988. 6 0.000, 0.358, 0.700) 0.950, 2739. 40 0.000) 0.942 
1.307, 1.637, 2.017, 2.358 2736. 46 (0.00, 0.52) 1.58, 1.957 

2986. (0.000) 1.484 2731. § (0.25) 1.90% 
2986. 1: (0.00) 1.52Tf 2726. ! (0.00) 1.02% 
2986 (0.000) 1.502 2716. (0.00) 0.781 
2985, 8: (0.000) 1.492 

2706. 5: (0.000) 0.810 
2984. &§ (0.000) 1.206 2705. (0.000) 1.049 
2984 (0.000) 1.033 2704. (0.000) 1.214 
2081. 4: (0.000) 0.965 2702. 5: (0.000) 1.151 
2980 (0.000) 1.534 2701. (0.000) 1.027 
2975, (0.000) 1.511 

2688 0.000° 0.559 
2971. 0.000) 1.515 2654. (0.000) 
2967. 6 0.000) 1.483 2642. 1: 0.000) 
2939. 0.000) 1.130 2626. (0.000) 
2935. 5: 0.000) 1.002 2622 (0.161) 
2913. 7: (0.00) 1.03* 


2620. (0.000) 1.734 
1. 


2911. 1 0.000) 1.501 2591. | (0.000D) 449A 
2910, &¢ (0.000) 1.497 2579. (0.000) 0.919 
290%. 0: 0.000) 1.496 2! a (0.000) 0.975 
2905. ¢ 0.000) 1.497 577. 66 | (0.4562) 
2904. 67 (0.000) 0.668 

2: i 0.126) O.882 
2896. 76 0.000) 1.507 2571. 74 (0.000) 1.134 
2804. 0.000) 1.505 2566. 5: (0.00) 1.45f 
2893. 2: (0.000) 1.496 2560. (0.70) 1.81f 
2891. 4:5 (0.000) 1.166 2557. (0.000) 0.933 
2889. ‘ (0.000) 1.497 

(0.96) 1.51, 2.38f 
2889. 2: (0.000) 1.486 2545. 6. (0.000) 2.464 
2886. | 0.000) 1.496 2528. 56 | (0.000) 1.452 
2881. (0.000) 1.038 2527. (0.260) 1.423 
2879. 2 0.000) 1.504 ° 2519. ! ‘0.000D) 1.088A 
2871. 6: (0.000) 1.509 
2516. 92 | (0.246) 1.482 

2849. 3 (0.000) 1.138 2508. § (0.00) 1.59% 
2840. 8! (0.161) 1.183 2508. 11 (0.00) 1.527 
2831. (0.000) 0.678 2506. 8&5 0.000) 0.452 
2826. 7: (0.00) 1.38¢ 2504. : (0.00D) 0.73.A 
2795. 82 | (0.000) 1.075 

2496. : (0.00) 1.149 
2790. 23 (0.000) 0.988 2492. ! (0.000) 0.972 
2787. § (0.000) 0.984 2491. 35 0.00) 0.007 
2780. (0.00) 1.197 2408. 7: 0.00) 0.897 
2775. | (0.00) 2408 0.00) 1.227 
2771. 4: (0.000) 1.200 


2769. (0.000) 0.939. 
2767. 5: (0.000) 1.094 
2759. 6 (0.000) 1.228 
2742. 16 | (0.000) 1.064 
2741. 08 | (0.000) 0.993 





TABLE 3 Paschen-Back interaction in the a *S—2z5P° group of Cri 


Observed Theoretical 
Term combination Zeeman com- Zeeman com- Polarization 
No-field wavelength ponents and ponents and and transition 
intensities intensities 


5211. 092 5211. 107 
5210. 775 2 5210. 760 
5210. 411 5210. 414 
5209. 990 5209, O84 
5209. 509 5209. 503 
5209. 243 5209. 238 
5208. 940 5208, 942 
5208. 623 5208. 595 
5208. 248 > |})=6§208. 249 
5207. 829 5207. 819 
5207. 344 5207. : 
5207. 074 7 5207 
5206. 790 5206. 7 
5206. 456 > 5206 
5206. O81 5206. 


i>) 25P 


5208.415 


Nac 


5208. 420 f 5208 
5208. 420 } 5208. 3: 
5208, 268 : 5208. 286 
5207. 706 5207. 708 
5206. 332 5206. 299 
5206. 245 5206. 271 
5206. 210 f 5206. 163 
5206. 112 7 5206. 121 
5205. 55 { 5205. 543 
5204. 1! : 5204. 134 
5204 j 5204. 106 
5204 j 5203. 99S 
5203. 5203. 956 


aos 2 5p 


5206.021 


ee es ee eo 


5206. 7: >) §206. 749 
5206 5206. 368 
5205 5205. 909 
s 7 5p 5204 } 5204. 584 
5204.505 5204 < 5204. 203 
5203 ‘ 5203. 744 
5202. 42 ‘ 5202. 419 10. 
5201 2: 5202. 038 10.: 
5201. 57: é 5201. 579 10. 


terms of Cr I 


Ob- 
Level Interval served 


? 
g 


Electron Term } Electron Term 
configuration Symbol , configuration symbol 


a*Po 23163. 27 

IP, 23512. 00 

7593 ‘ { 3p, 24093. 16 

7700.7 
7TS1LO 
7927 

8095, 2 

8307. 5 


( aH, | 23933. 90 
3d! 433 ‘Hs | 24056. 11 
3H, | 24200. 23 


viedo ‘Dp | 24277. 
20517 om 5D, | 24286. ! 

: 20520. ® ° 215(h 4 ry 242% 

3d°(a *G) 4s % | 20523 oe D 24303. 
5G 20523. = | sp DA9R9 < 
20319 y : dD, 24282. ; 


21840 , 3G; 24833. 


3d°(a *P) 4s | 21847. 88 é 3d5(a *G) 4s 3G, | 24897. : 
21856. . : | 43Gs 25038. 





Paste 4. Even terms of Cr 1—Continued 


Ob- . om 
Level Interval serve Electron lerm Ob- 
ed configuration symbol Level Interval served 


q q 


lectron Term 
figuration symbol 


a*F, 24940 ae me ‘ ; (} 5 
3 25106 165 3 ‘ tc 8 ) 39158 
: 71. 05 


iF, 25177 


ao 
D te OS 


sP, 27163 
‘Pp 27176. 2: 
Ip 97-99% 


13. 02 
83 


pom be oe oe oe 
to bo bho NO ho 
os 


tow wwe 


'G; | 27597. 2: - 
" a7 =n 62 
(4 27703 , $4050 
G 27816 14068 
— 2 14080 
‘DD; | 28637 1 | 44088, 9 
‘D—D, 28682 ——- ‘Dy 14092 
2D, 28679 ‘ ss 
1—D 31009 3d5(a °S)6s T's 15643. 3: 
'D, 31028. 3: — én — ' 
31048 , 5 3d5(a *S)6: tS; 15967 


Ty 31048 vs 16448 
‘I 31049. 3: ae "D> $6524. } 
31055. 3: 3d‘4s(a *D)5: 7 46637. ‘ 
7 416783 
31352 16958 
31355. 2 > 
31364 3: a 47700. 
31377 a 7D, 47700 
31393 ' 5 7 17702. : 
770 
31987 | 7D, oriee 


32097. 36 

48488. 2: 
‘ $8507. 56 
seeen 3d4s(a *D) 5: ‘D, | 48558 | 
33113 : 52. ! 5D, 48661. 56 
— 5 18824. 


33762. 7 
, 3d5(a °S)7s 7S; 49177 


33906 

33935. 65 3d5(a *S)7s gS, 19321 

33934 

1 49586, 38 

35398 — ; 49717. 8: 
~ | } 49863 


3d5(a ®S)8s 5S, 51035 


53148. ; 
53177. 8 
35862. &% . 53228. 
3d‘4s(a *D)4d 7G 53298. § 
35870. 5: , 53393. 5 
35884 > s 'G 53517. 8! 
35934 . 7G 53662 


36558. 5! - 
36552. 1: a 53195. 
36577. 7: v. 3d‘4s(a *D)4d 53284. ; 
53375. 
36895. 7 53627. 
37205. | es 
37244 —_ F, 53215. - 
37233. ; , Ff, 53279. | 
4 3d*4s(a *D)4d 7h 53384 
37883. ; 7F 53526. 2% 
fren "F; 53706 
38537 Fk, 53927 





Tape 4. Even terms of Cr 1—Continued 


: T Ob- 
Electron erm __— a mia 
configuration symbol 9 


Electron Term 


- : Leve nterv 
configuration symbol evel Interval 


, 54296, e *P, 61558. 

54383 ae 3d‘ 4s(b *P) 5s ‘Pp, 61687. 56 
54476. a a 5P; 61850 
‘ 54572 
5 54660 


F 
F 
‘F 
ip 
F 


g *Do 54646 ‘ - 
D, 54671 o AE 3d‘ 4p(z*F°)4p 
3d*4s(a *D) 5s D, 54ASI8. 5k 
dD 54986 
‘iD, 55209 


See SSS Se 


Pt et ee he ee 


62034. 44 
62188. 83 
62472. 80 
62658. 38 


e *D, 54804 f Ge 62646. 60 

8d44s(a *T)) 5s iD, 54974. 6 5; 62661. 96 

ID, 55204. 7 3d5(a *G) 4d 5G 62671. 00 

; 62690. 96 

f @ 5G, 57350. \ i 62673. 92 
G 57361 

Gy 57372. 7 on 64712. 04 

Gs 57382 on 64751. 42 

5G, | 57389. 3d‘ 4s(a 4H) 5s 64802. 08 

64836. 30 

€ *Gs 57984 ‘ 64940. 28 
Gy 57992 
IG; 57990 


TABLE 5 Odd terms of Cri 


Electron Term Observed Electron Tern Observed 
Le Interval - . ve rv mpcihtes 
configuration symbol — g configuration symbol Leve Interval g 


33338. - —0. 003 
33423. a - 499 
33542. os . 497 
: 33671.55 | | eo 197 
24971. : e \ 5 33816. aie $09 
25010 : 
25089, 2 > 2e7 26 
25206 rm ” aoe 33762. - 
eee oo 33897. 2 
25359 ‘ 
O5548 34190. 
2577 
FS 35897. 
26787. 5 3d4 4: Fs | 36034. 2: 
26796. 2 : E . 36212. 
2680) 
aiad 38597. 06 
27300: ) ‘ 3( $ | 38730. 67 
27382 ‘D3 | 38911. 33 
27500. 3 
27649 


27825 


40906. 46 
10971. 29 
27728 ‘ ! ; 11086, 26 
27820. 2: ' *F 41224. 78 
27935, 2 $1393. 47 
29420, . 40930. 31 
20584 : ‘ ) iPS 40982. 97 
29824. 75 : L 5P3 11043. 35 


30787 “= y D3 41224. 80 
3085S. 8! : 5p} 41289. 17 
30965 . 245 8 5D3 41409. 03 
31106. 37 . BA! ‘Dg | 41575. 10 
31280. §Dj | 41782. 19 





TaBLe 5. Odd terms of Cr1 —Continued 


lectron Term Obse ) T 
. Level Interval SE rved Electron Term Obs . 
y sv , . , “ve , served 
figuration symbol qg configuration symbol Level Interval _- ; 


z°H 12025. 60 . 
; aVe ‘ / » 572) 97 
‘Hj | 42079. 81 +e , D a 4. 
a 42153 74 e af ‘P)4p D; 16349. 5 
SH: 2% . 4 35. | "Ds | 46368. 3: 
= 357, 32 . DG | 46422. 


r SD§ 2 37 ‘ 0. 003 ) SF 16678. 3: 
Di 1. 501 FS 16677. 
‘iD 2438. 82 1. 494 3d r) x 16688, 2 
. 26 : 1. 498 ‘F 16720. | 
57 1. 497 , 16704 

16846. 7 
46905. 
46985. 


16878 
16967. 7 
17021 


17047 
417125 
17189 
17228 
7222. : 
17048 
17054 
417055. : 


17088 


17586. 


14666. 5: o2. 3d* 4: ; 17630 
17692. 


$4299 
$4373. : 
$4534 
$4501 
14746 


17621 
47688, 5 
b *G)4p 17793 
47942. 2 
18140, 


oe os 38. '§ | 47631 

e « mT F 17636 . 
, 17639 

$5201 92 22 ; 7 

oan : 23. : ; 17644 

15255. 5 a w 17697 

15286 —s 35 , 17708. ! 

15306. 45 - 17719. OS 


45348 < : 17788 
15354 ' 17772 
45358. 6: _— 3d : 17786 
oe | t7S14 
15566. 02 17866, 
15614 
++ 17877. 5 
17917. 9: 
$7974. 5: 
18014 
LT O85 


. 32 : ¥ {8210 

‘“ $ 18217 

. 45 ou < i 18251 

46000. 36 a 4 ‘ 18042 

16058. 20 ait ’ ‘ 
46077. 09 on x *P3 $8226. : 


16109. 26 —_ 3d‘ 48(b *P)4p 18331 
16174. 40 = PZ 48458 





Electron 
configuration 


is(a tf ip 


4 44D ip 


s(a 2] ip 


is(a ‘FF ip 


Term 
s\ mbol 


Hj 
H 
tH 


G 
1G 
G 


‘ 


Level 


HS2S8. ¢ 


18310. 34 
$8445. 35 


$8515 
18562 
18786 


18636 
$8839 


49027. : 
19310 


19370. 7 


19453 
19538 


19466 
19519 
$9573. 
19617 
19635. 
19477 
49588. 6 
19598 


19812 


19620 


19650, 22 


19652 
$9822. ; 


50018 
5OO5T 
5OL02 
50210 
50253. § 


SOLOS. 5 


5OLS4 
50264 
50557. 5 


50628 


50654. 7 


50662 
50661 
50890 
50950 
51059 
51176 
51246. } 


51286. 52 


51401 


51999 
52003 
52012 
52031 
52064. : 
52591 
52660 


52677 


TABLE 5 


Interval 


Odd terms of Cr 1—Continued 


Observed 
q 


Electron Term 
configuration symbol 


3d‘ 48(b 4G 


3d5(b 4F tp 


3d‘ 4s(a °D)5 


3d‘ 4s(a 2H 


3d‘ 4s(a *D)5 


3d‘ As(a *D)5 


3d5(a *T)4p 


3d* 48(a 7H) 


3d‘ 4s(a 2H) 


3d5(a *1)4p 


3d25(a?D tp 


3d5(a 21)4p 


3d‘ 48(b?F)4p 


3d5(a *F)4p 


3d5(a ?1)4p 


3d‘ 48(a *H) 4p 


3d°(b* H)4p 


3d‘ 4s(a 2H) 4p 


Level 


52720 


52914 
52885. 


52963. - 


53011 


53037. 52 


53073. 


53117. 5 


53172. 3: 


53541. ‘ 


53640. 
53782 


53804 
53927 
54078. 
53963. 
54032. 
54132. 


54198. 2% 


54252. 
54328. 
54425 


54536. 5: 


54316. 8: 


54404. 
54498. 


54736. 5: 


54799. 
54886. 


54800. ‘ 


54810. 9 


54929. 


54866. ! 


54956. 
55152. 
55451. 


54970 
54992. 


55101. 
55207. 


55120. 
55352. 
55473. 
55516. 
55686. 
55741. 
55799. 
55908. 
55874. 
55915 


55945. 


23 
93 
87 
40 
77 
72 
67 


69 


46 
11 
10 


12 
08 
50 


OS 


Interval 


Obser 





TABLE 5 Odd terms of Cr 1—Continued 


lec Ter serve ac Ter Observed 
I lectron rerm _ Interval Observed EJectron Term Sonal — ri ‘ 
figuration symbol g configuration symbol q 


56155 g°D 60241 
56209 = D 6029] 
56279 om 3d* 4s(a °D)6p \ 3 | 60374 
56361 , 60493 
I6449 ™ }) 60627 


5HSOL. SS . ( 60253 
56722 k 2G ik 60326 


56802 60367. 


56985 - (v3 60427 
57033 < 60527. | 


57U0SS8. 25 ; I 60656 


57087 : 2 r! 60441 
57132. 5 oo 
57154. 5 : 60467 
: 60503. | 
57006. 6: a8 60518 
57100 b 
57186 ty { ) 60615 
60629. 
60678 


60683. 5: 
‘ 60781 
3d*4s(a*D 6p Fs 60904 
5F 61056 
61184 


3d*48(CG)4p "3 60819. 
57702 iF 60960. 5 


57958. 4% 33 60870 
57995 3d*48(CG)4p : 61008. 
58063 -~ 61191 
58147 - 
58292 r 5Pe 61065 
3d*4s(a*D) 6p ‘Ps 61107 
31198 
58162. 6114 
58202 ‘The « 
coaae 61078. 2 
. ) . . . ” ‘ 
= 3d°(b?F)4p 61123 
anise 61161 
O87 20. 3 
SESO0. &: 61387 
a19< DLOS4. ¢ 
59122. 3d'4s(a?P)4p 61527. : 
61675. 
58728 
58754. | , 13 | 61930 
“oO. ‘ " . -o 
05440. 3d‘4s CG)4p 61976. ! 
62037 
58870 = 
58772. 0: ‘em 3 62762 
58924. 1: ae 3d443(b?I ip 62830. ‘ 
62903 
59357 
59417. 
59487. 


63116. 
63144. ¢ 
63182 


» Tz 59806. : 635841. 


Tg S9SS4. 27 2 16 3d5(42G) 4p § | 63927. : 
Is 59957. 63997. 


‘Hes 60005. 60 66008 
38D(eG tp ; 66004 


IS; 60084. 09 Ge 66180. ¢ 





TaBLe 6, CrO band-heads 


In- 
ten- 
sity 


Wave- 
length 


11035. 2 
10985. 26 3 
10941. 2! 3 
10179 2 
9317. 2 l 


8675. 7 2 
8360 5 
S338. Ss 
8173. 36 3 

» 


S028. : h 


7842 5 
7369. ; 10 
7327 5 
7213 4 
7190 2 


5 3 
37 H 
23 | 20 
32 10 


6397. 87 30 


7S terms 


54570 a 
17674 

‘7S, 8927 
5392 q 


/ 


31071 em 
0.5161 
0.0980 


TABLE 8 


Term Cal 
‘ombination wave n 


cm! 
5342. 31 
5358. 38 
5379. 47 
6242. 56 
6303. 58 
6376. 02 


S, 
Ss 
S 
< 
Ss 


O.5772 


ilated 
umber 


Wave 
number 


905S. § 
9100. 
9137. : 
9820 
10729. § 


11523. « 
11958. ¢ 
11989. 7 
12231 
12452. 5: 


12747 
13566. 
13643. 
13859. ‘ 
13904 


13938. < 
14638. 
14762. 
15491 


15625 


»S terms 


16977 


16687 


S602 
5249 


3534 


27782 cm— 


0.0488 


Calculated 
wavelength 


A 
18718. 50 
18662. 36 
18589. 19 
16019. 16 


15864. 00 
15683. 77 


In- 
ten- 
sity 


Wave- 
length 


Wave 
number 


6396. 25 
6394. 
6364. 
6295. 


6244 


12 
16 
40 
59 


35 


9S 
54 
00 
45 


76 


6119. 
6058. 
6055. 
6053. 
6051 
6025. O1 
5885. 84 
5806. 74 
5794. 50 


5744. 72 


5673. 
5635 
5564. 
5550. 
5546. 


06 
96 
15 
76 
18 


3d° n p series 


z *Py 31071 
r*P; 12295 


u ‘Pj 6851 


54570 em 
+ 1.0196 
0.1399 


Observed 
wavelength 
and intensity 


R. and B [4] 


18717. 0(20) 
18654. 2(30) 
18583. 5(30) 


15860. 5(30) 
15680. 0(30) 


15630. 1 
15634. 2: 
15708. 
15879. 7: 
16010. 06 


16335. 
16501. 
16510. 
16514 

16519. 


41 
07 
72 


56 


16592. 
16985. 
17216. 
17252. 
17402 
17622 
17738. 
17967 
18010. 5 
18024. 


345 nd series 


7D terms 


e™Ds 12310 
g7D; 6861 


31071 em 
2.0038 
0.0181 


( lassi fic ation of some infrared lines of Cri 


Solar wavelength 
and intensity 


G. M. and MeM [45] 


A 


16021. 7?4- atm. 
15863. 7(12)+ atm. 
15683. 6(4) 
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